


1









Digitized by tlie Internet Arcliive

in 2010 witli funding from

Open Knowledge Commons (for the Medical Heritage Library project)

http://www.archive.org/details/textbookofphysio1878fost



A TEXT BOOK

OF

PHYSIOLOGY,





A TEXT BOOK

OF

PHYSIOLOGY

BY

M. FOSTER, M.A., M.D., F.RS.,

PK.ELECTOB IN PHYSIOLOGY AND FELLOW OF TRINITY COLLEGE,

CAMBRIDGE.

WITH ILLUSTRATIONS.

SECOND EDITION, REVISED AND ENLARGED.

Honbon

:

MACMILLAN AND CO.

1878

\_All Eights reserved.]



gl?

Camliritrge

:

PB.INTED BY C. J. CI.AY, M.A.

AT THE UNIVEKSITY PRESS.



PKEFACE TO THE SECOND EDITION.

So short a time has passed since the appearance of the

first edition that it has not seemed desirable to make

any important changes. My previous decision not to

introduce figures of instruments has been so generally

disapproved, that I have waived my own judgment and

inserted a number of illustrations, which I trust will be

found to assist the reader. The areas of the cerebral

convolutions, in spite of the difiiculties surrounding the

true interpretation of the phenomena resulting from their

stimulation, are of such interest, especially to the medical

profession, that I have introduced illustrative figures for

which I have to thank the kindness of Dr Ferrier.

Otherwise my efibrts have been chiefly directed to

removing inaccuracies and obscurities, in the hope of ren-

dering the work more worthy of the favour with which

it has been received. It will be observed that the

largest changes and additions occur in the small print.

F. p. b



vi PREFACE.

I have to thank Dr Pye-Smith and other friends

as well as previously unknown correspondents for their

valuable suggestions ; and I ana, as before, greatly

indebted for the help given me by my former pupils,

Mr Dew-Smith, Mr Langley, and Mr Lea.

Trinity College, Cambridge,

December, 1877.

EEEATA.

p. 70, 1. 6 from bottom, for Jcilogrammeters read grammeters.

p. 184, 1. 11 from bottom, in the formula for dextrin for read Og.

p. 194, note 1, for Lehrb, i. 40 read Lehrh. p. 40.
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INTEODUCTORY.

Among the simpler organisms known to Biologists, perhaps the most

simple as well as the most common is that which has received the

name of Amoeba. There are many varieties of Amoeba, and probably

many of the forms which have been described are, in reality, merely

amoebiform phases in the lives of certain animals or plants ; but they

all possess the same general characters. Closely resembling the

w^hite corpuscles of vertebrate blood, they are wholly or almost wholly

composed of undifferentiated protoplasm, in the midst of which lies

a nucleus, though this is sometimes absent. In many a distinction

may be observed between a more solid external layer or ectosarc, and
a more fluid granular interior or endosarc; but in others even this

primary differentiation is wanting. By means of a continually occur-

ring flux of its protoplasmic substance, the amoeba is enabled from

moment to moment not only to change its form but also to shift its

position. By flowing round the substances which it meets, it, in a

"way, swallows them; and having digested and absorbed such parts

as are suitable for food, ejects or rather flows away from the use-

less remnants\ It thus lives, moves, eats, grows, and after a time

dies, having been during its whole life hardly anything more than

a minute lump of protoplasm. Hence to the Physiologist it is of

the greatest interest, since in its life the problems of physiology are

reduced to their simplest forms.

Now the study of an amoeba, with the help of knowledge gained

by the examination of more complex bodies, enables us to state that

the undifferentiated protoplasm of which its body is so largely com-

posed possesses certain fundamental vital properties.

1. It is contractile. There can be little doubt that the changes

in the protoplasm of an amoeba which bring about its peculiar 'amoe-

boid' movements, are identical in their fundamental nature with

those which occurring in a muscle cause a contraction ; a muscular

contraction is essentially a regular, an amoeboid movement an irre-

gular flow of protoplasm. The body of the amoeba may therefore be

said to be contractile.

1 Huxley and Martin, Elementary Biology, Lesson iii,

F. P. 1



2 PROPERTIES OF PROTOPLASM.

2. It is irritable and automatic. When any disturbance, sucli

as contact with a foreign body, is brought to bear on the amoeba at

rest, movements result. These are not passive movements, the effects

of the push or pull of the disturbing body and therefore proportionate

to the force employed to cause them, but active manifestations of the

contractility of the protoplasm; that is to say, the disturbing cause,

or 'stimulus,' sets free a certain amount of energy previously latent

in the protoplasm, and the energy set free takes on the form of

movement. Any living matter which, when acted on by a stimulus,

thus suffers an explosion of energy, is said to be 'irritable.' The
irritability may, as in the amoeba, lead to movement; but in some
cases no movement follows the application of the stimulus to irritable

matter, the energy set free by the explosion taking on some other

form (heat, &c.) than movement. Thus a substance may be irritable

and yet not contractile, though contractility is the most common
manifestation of irritability.

The amoeba (except in its prolonged quiescent stage) is rarely at

rest. It is almost continually in motion. The movements cannot

always be referred to changes in surrounding circumstances acting as

stimuli; in many cases the energy is set free in consequence of

internal changes, and the movements which result are called spon-

taneous or automatic^ movements. We may therefore speak of the

j)rotoplasm of the amoeba as being irritable and automatic.

8. It is receptive and assimilative. Certain substances serving

as food are received into the body of the amoeba, and being there in

large measure dissolved, become part and parcel of the body of the

amoeba, become in fact fresh protoplasm.

4. It is metabolic ^ and secretory. Fari jmssu with the recep-

tion of new material, there is going on an ejection of old material,

for the increase of the amoeba by the addition of food is not indefinite.

In other words, the protoplasm is continually undergoing chemical

change (metabolism), room being made for the new protoplasm by the

breaking up of the old protoplasm into products which are cast out

of the body and got rid of These products of metabolic action have
in all probability subsidiary uses. Some of them, for instance, we
have reason to think are of value for the purpose of dissolving and
effecting other preliminary changes in the raw food mechanically

introduced into the body of the amoeba; and hence are retained

within the protoplasm for some little time. Such products are gene-

rally spoken of as ' secretions.' Others which pass more rapidly away

1 This word has recently acquired a meaning almost exactly opposite to that which
it originally bore, and an automatic action is now by many understood to mean nothing
more than an action produced by some machinery or other. In this work I use it in the

older sense, as denoting an action of a body, the causes of which appear to lie in the

body itself. It seems preferable to 'spontaneous,' inasmuch as it does not necessarily

carry with it the idea of irregularity, and bears no reference to a 'will.'

2 This term was introduced by Schwann (1839). Micros. Untersucli. p. 229.
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are generally called 'excretions.' The distinction between the two is

an unimportant and frequently accidental one. The energy expended
in the movements of the amoeba is supplied by the chemical changes

going on in the protoplasm, by the breaking up of bodies possessing

much latent energy into bodies possessing less. Thus the metabolic

changes which the food undergoes in passing through the protoplasm

of the amoeba (as distinguished from the undigested stuff mechani-
cally lodged for a while in the body) are of three classes: those pre-

paratory to and culminating in the conversion of the food into

protoplasm, those concerned in the discharge of energy, and those

tending to economise the immediate products of the second class of

changes by rendering them more or less useful for the first.

5. It is respiratory. Taken as a whole, the metabolic changes
are pre-eminently processes of oxidation. One article of food, i.e. one
substance taken into the body, viz. oxygen, stands apart from all

the rest, and one product of metabolism peculiarly associated with
oxidation, viz. carbonic acid, stands also somewhat apart from all the

rest. Hence the assumption of oxygen and the excretion of carbonic

acid, together with such of the metabolic processes as are more
especially oxidative, are frequently spoken of together as constituting

the respiratory processes.

6. It is reproductive. The individual amoeba represents a unit.

This unit, after a longer or shorter life, having increased in size by
the addition of new protoplasm in excess of that which it is con-

tinually using up, may, by fission (or by other means) resolve itself

into two (or more) parts, each of which is capable of living as a fresh

unit or individual.

Such are the fundamental vital qualities of the protoplasm of an
amoeba; all the facts of the life of an amoeba are manifestations of

these protoplasmic qualities in varied sequence and subordination.

The higher animals, we learn from morphological studies, may be
regarded as groups of amoebae peculiarly associated together. All the

physiological phenomena of the higher animals are similarly the

results of these fundamental qualities of protoplasm peculiarly asso-

ciated together. The dominant principle of this association is the

physiological division of labour corresponding to the morphological

differentiation of structure. Were a larger or 'higher' animal to

consist simply of a colony of undifferentiated amoebse, one animal

differing from another merely in the number of units making up the

mass of its body, without any differences between the individual

units, progress of function would be an impossibility. The accumu-
lation of units would be a hindrance to Avelfare rather than a help.

Hence, in the evolution of living beings through past times, it has

come about that in the higher animals (and plants) certain gToups of

the constituent amoebiform units or cells have, in company with a

change in structure, been set apart for the manifestation of certain

1—2



4 THE FUNDAMENTAL TISSUES.

only of the fundamental properties of protoplasm, to the exclusion or

at least to the complete subordination of the other properties.

These groups of cells, thus distinguished from each other at once

by the differentiation of structure and by the more or less marked
exclusiveness of function, receive the name of 'tissues.' Thus the

units of one class are characterized by the exaltation of the con-

tractility of their protoplasm, their automatism, metabolism and

reproduction being kept in marked abeyance. These units con-

stitute the so-called muscular tissue. Of another tissue, viz. the

nervous, the marked features are irritability and automatism, with

an almost complete absence of contractility and a great restriction

of the other qualities. In a third group of units, the activity of the

protoplasm is largely confined to the chemical changes of secretion,

contractility and automatism (as manifested by movement) being

either absent or existing to a very slight degree. Such a secreting

tissue, consisting of epithelium-cells, forms the basis of the mucous

membrane of the alimentary canal. In the kidney, the substances

secreted by the cells being of no further use, are at once ejected from

the body. Hence the renal tissue may be spoken of as excretory. In

the epithelium-cells of the lungs, the protoplasm plays an altogether

subordinate part in the assumption of oxygen and the excretion of

carbonic acid. Still we may perhaps be permitted to speak of the

pulmonary epithelium as a respiratory tissue.

In addition to these distinctly secretory or excretory tissues,

there exist groups of cells specially reserved for the carrying on of

chemical changes, the products of which are neither cast out of the

body, nor collected in cavities for digestive or other uses. The work

of these cells seems to be of an intermediate character ; they are en-

gaged either in elaborating the material of food that it may be the

more easily assimilated, or in preparing used up material for final

excretion. They receive their material from the blood and return

their products back to the blood. They may be called the metabo-

lic tissues par excellence. Such are the fat-cells of adipose tissue,

the hepatic cells (as far as the work of the liver other than the secre-

tion of bile is concerned), and in general the blood.

Each of the various units retains to a greater or less degree the

power of reproducing itself, and the tissues generally are capable of

regeneration in kind. But neither units nor tissues can reproduce

other parts of the organism than themselves, much less the entire

organism. For the reproduction of the complex individual, certain units

are set apart in the form of ovary and testis. In these all the pro-

perties of protoplasm are distinctly subordinated to the work of growth.

Lastly, there are certain groups of units, certain tissues, which

are of use to the body of which they form a part, not by reason of

their manifesting any of the fundamental qualities of protoplasm,

but on account of the physical and mechanical properties of certain

substances which their protoplasm has been able by virtue of its

metabolism to manufacture and to deposit. Such tissues are bone,
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cartilage, connective tissue in large part, and the greater portion of

the skin.

We may therefore consider the complex body of a higher
animal as a compound of so many tissues, each tissue correspond-

ing to one of the fundamental qualities of protoplasm, to the develop-

ment of which it is specially devoted by the division of labour. It

must however be remembered that there is a distinct limit to the

division of labour. In each and every tissue, in addition to its

leading quality, there are more or less pronounced remnants of all

the other protoplasmic qualities. Thus, though we may call one
tissue par excellence metabolic, all the tissues are to a greater or

less extent metabolic. The energy of each, whatever be its particular

mode, has its source in the breaking up of the protoplasm. Chemical
changes, including the assumption of oxygen and the production com-
plete or partial of carbonic acid and therefore also entailing a cer-

tain amount of secretion and excretion, must take place in each and
every tissue. And so with all the other fundamental properties of

protoplasm; even contractility, which for obvious mechanical reasons,

is soonest reduced where not wanted, is present in many other

tissues besides muscle. And it need hardly be said that each tissue

retains the power of assimilation. However thoroughly the material

of food be prepared by digestion and subsequent metabolic action,

the last stages of its conversion into living protoplasm are effected

directly and alone by the tissue of which it is about to form a part.

Bearing this qualification in mind, we may draw up a physio-

logical classification of the body into the following fundamental
tissues:—

•

1. The eminently contractile; the muscles.

2. „ „ irritable and automatic; the nervous system.

3. „ „ secretory, or excretory; digestive, urinary, and
pulmonary &c., epithelium.

4. „ „ metabolic ; fat-cells, hepatic cells, lymphatic

and ductless glands, &c.

5. „ „ reproductive ; ovary, testis.

6. The indifferent or mechanical; cartilage, bone, &c.

All these separate tissues, with their individual characters, are

however but parts of one body; and in order that they may be
true members workiug harmoniously for the good of the whole, and
not isolated masses each serving its own ends only, they need to be
bound together by co-ordinating bonds. Some means of communica-
tion must necessarily exist between them. In the mobile homo-
geneous body of the amoeba, no special means of communication
are required. Simple diffusion is sufficient to make the material

gained by one part common to the whole mass, and the native

protoplasm is physiologically continuous, so that an explosion set

up at any one point is immediately propagated throughout the
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whole irritable substance. In tbe liigber animals, tlie several tissues

are separated by distances far too great for the slow process of

diffusion to serve as a sufficient means of communication, and their

primary physiological continuity is broken by their being imbedded
in masses of formed material, the product of the indifferent tissues,

which being devoid of irritability, present an effectual barrier to the

propagation of molecular explosions. It thus becomes necessary that

in the increasing complexity of animal forms, the process of differen-

tiation should be accompanied by a corresponding integration, that

the isolated tissues should be made a whole by bonds uniting them
together. These bonds moreover must be of two kinds.

In the first place there must be a ready and rapid distribu-

tion and interchange of material. The contractile tissues must be
abundantly supplied with material best adapted by previous elabora-

tion for direct assimilation, and the waste products arising from
their activity must be at once carried away to the metabolic or

excretory tissues. And so with all the other tissues. There must
be a free and speedy intercourse of material between each and all.

This is at once and most easily effected by the regular circulation of

a common fluid, the blood, into which all the elaborated food is

discharged, from which each tissue seeks what it needs, and to

which each returns that for which it has no longer any use. Such
a circulation of fluid, being in large measure a mechanical matter,

needs a machinery, and calls forth an expenditure of energy. The
machinery is supplied by a special construction of the primary
tissues, and the energy is arranged for by the presence among these

of contractile and irritable matter. Thus to the fundamental tissues

there is added, in the higher animals, a vascular bond in the shape
of a mechanism of circulation.

In the second place, no less important than the interchange of

material is the interchange of energy. In the amoeba the irritable

surface is physiologically continuous with the more internal proto-

plasm, while each and every part of the body has automatic powers.

In the higher animal, portions only of the skin remain as eminently
irritable or sensitive structures, while automatic actions are chiefly

confined to a central mass of irritable or nervous matter. Both forms
of irritable matter are separated by long tracts of indifferent material

from those contractile tissues, through \\hich they chiefly manifest the
changes going on in themselves. Hence the necessity for long strands

of eminently irritable tissue to connect the skin and contractile tissues

as well with each other as with the automatic centres. Similar

strands are also needed, though perhaps less urgently, to connect the
other tissues with these and with each other. To the vascular bond
there must be added an irritable bond, along the strands of which
impulses, set up by changes in one or another jDart, may travel in

determinate courses for the regulation of the energy of distant

spots. In other words, part of the irritable tissues must be specially

arranged to form a coordinating nervous system.
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Still further complications have yet to be considered. In the life

of a minute homogeneous amoeba, possessing no special form or struc-

ture, there is little scope for purely mechanical operations. As how-
ever we trace out the gradual development of the more complex

animal forms, we see coming forward into greater and greater pro-

minence the arrangement of the tissues in definite ways to secure

mechanical ends. Thus the entire body acquires particular shapes,

and parts of the body are built up into mechanisms, the actions

of which are to the advantage of the individual. Into the composi-

tion of these mechanisms or ' organs ' the active fundamental tissues,

as well as the passive or indifferent tissues, enter ; and the working of

each mechanism, the function of each organ, is dependent partly on

the mechanical conditions offered by the passive elements, partly on
the activity of the active elements. The vascular mechanism, of

which we have just spoken, is such a mechanism. Similarly the

urgent necessity for the access of oxygen to all parts of the body,

has given rise to a complicated respiratory mechanism ; and the

needs of copious alimentation, to an alimentary or digestive me-
chanism.

Further, inasmuch as muscular movement is one of the chief

ends, or the most important means to the chief ends of animal life,

we find the animal body abounding in motor mechanisms, in which
the prime mover is muscular contraction, while the machinery is sup-

plied by complicated arrangements of muscles with such indifferent

tissues as bone, cartilage, and tendon. In fact, the greater part of

the animal body is a collection of muscular machines, some serving

for locomotion, others for special manoeuvres of particular members
and parts, others as an assistance to the senses, and yet others for

the production of voice, and in man, of speech.

Lastly, the simple automatism of the amoeba, with its simple

responses to external stimuli, is replaced in the higher animals by
an exceedingljr complex volition affected in multitudinous ways by
influences from the world without ; and there is a correspondingly

complex central nervous system. And here we meet with a new
form of differentiation unknown elsewhere. While the contractility

of the amoebal protoplasm differs at the most but slightly from the

contractility of the vertebrate striated muscle, there is an enormous
difference between the simple irritability of the amoeba and the com-

plex action of the vertebrate nervous system. Excepting the nervous

or irritable tissues, the fundamental tissues have in all animals

exactly the same properties, being, it is true, more acute and perfect

in one than in another, but remaining fundamentally the same.

The elementary muscular fibre of a mammal is at most a mass of

but slightly differentiated protoplasm, forming a whole physio-

logically continuous, and in no way constituting a mechanism.

Each fibre is a counterpart of all others ; and the muscle of one

animal differs from that of another in such particulars only as

are wholly subordinate. In the nervous tissues of the higher
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animals, on the contrary, we find properties unknown to those of the

lower ones, and in proportion as we ascend the scale, we observe an
increasing differentiation of the nervous system into unlike parts.

Thus we have, what does not exist in any other tissue, a mechanism
of nervous tissue itself, a central nervous mechanism of complex
structure and complex function, the complexity of which is due
not primarily to any mechanical arrangements of its parts, but to

the further differentiation of that fundamental quality of irritability

and spontaneity which belongs to all irritable tissues, and to all

native protoplasm.

In the following pages I propose to consider the facts of physio-

logy very much according to the views which have been just sketched

out. The fundamental properties of most of the elementary tissues

will first be reviewed, and then the various special mechanisms.

It will be found convenient to introduce early the account of the

vascular mechanism, and of its nervous coordinating mechanism,
while the mechanisms of respiration and alimentation will be best

considered in connection with the respiratory and secretory tissues.

The description of the purely motor mechanisms will be brief, and,

save in a few instances, confined to a statement of general principles.

The special functions of the central nervous system, including the

senses, must of necessity be considered by themselves. The tissues

and mechanism of reproduction naturally form the subject of the

closing chapter.
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CHAPTEE I.

BLOOD.

Blood is a tissue of whicli the corpuscles are the essential and

active elements, -while the plasma is a liquid matrix. It may be

compared to a cartilage, the firm matrix of which has become lique-

fied, so that the cartilage-corpuscles are perfectly free to rnove about.

Of the two kinds of corpuscles, the white, seeing that they alone

exist in many invertebrata, must be regarded as the original and
proper cellular elements. The red corpuscles are forms which have

been specially modified for respiratory and other purposes. In re-

garding, however, blood as a tissue, we find that it differs from the

other tissues in possessing no one characteristic property. The pro-

toplasm of the white corpuscles is native undifferentiated protoplasm,

in no respect fitted for any special duty; as far as we know at present,

the white corpuscles are in reality embryonic structures concerned

chiefly in the production of other forms, such as red corpuscles and,

it may be, under certain conditions, various elements of the other

tissues. The red corpuscles have a definite respiratory function; but

these form a part only of the blood. The largest portion of the blood,

the whole mass of the plasma, is an unorganized fluid with no proper

physiological (vital) properties of its own. Its function is to serve as

the great medium of exchange between all the tissues of the body. It,

together with lymph (whether in the lymph-canals or in the inter-

stices of the tissues), may, as Bernard has suggested, be regarded as cm
internal medium bearing the same relations to the constituent tissues

that the external medium, the world, does to the whole individual.

Just as the whole organism lives on the things around it, its air and
its food, so the several tissues live on the complex fluid by which they

are all bathed and which is to them their immediate air and food.

Hence the composition and the characters of blood must be for ever

varying in different parts of the body and at different times. The
changes which blood is known to undergo in passing through the

various tissues will best be dealt with when those tissues and organs

are under consideration. At present it will be sufficient to treat of

—

1st, the general chemical composition of Blood; 2nd, the phenomena
of its coagulation; 3rd, the history of its corpuscles; 4th, the total

quantity of blood in the body.
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Sec. 1. The Chemical Composition of Blood.

Blood, within the living vessels, is a fluid; but when shed, or

after the death of the vessels, becomes solid by the process known as

coagulation. The average specific gravity of human blood is 1055,
varying from 1045—1075 within the limits of health. It has an
alkaline reaction, which in shed blood rapidly diminishes up to the
onset of coagulation.

Blood may, in general terms, be considered as consisting by weight
of more than one-third and less than one-half of corpuscles, the rest

being plasma, the corpuscles being supposed to retain the amount of

water proper to them.

Hoppe-Seyler gives, in 1000 pai-ts of the venous blood of the horse,

Corpuscles, 326, Plasma, 674; C. Schmidt \ in human blood, Corpuscles,

513, Plasma, 487 ^

In coagulation, see Sec. 2, a substance called fibrin forms with
the corpuscles the clot; and the plasma becomes, by the loss of the
fibrin or fibrin-factors, converted into serum. The average quantity

of fibrin in human blood is said to be "2 p. c, but the amount which
can be obtained from a given quantity of plasma varies extremely

;

the variation being due not only to circumstances affecting the blood,

but also to the method employed.

Since serum is nothing but blood-plasma deprived of its fibrin-

factors, it will be best to consider the chemical composition of serum
alone.

Composition of serum. In 100 parts of serum there are in round
numbers Water 90 parts

Proteid Substances 8 to 9 „

Fat, Extractive, and Saline Matters 2 to 1 „

Of the Proteid^ substances the great mass consists of the so-called

serum-albumin, but there are present also small quantities of fibrino-

plastin or fibrinoplastic globulin, which may be precipitated by passing

a stream of carbonic acid through diluted serum, and of alkali albu-

minate or serum casein, which after removal of the globulin may be
thrown down by dilute acetic acid, and which is totally devoid of

fibrinoplastic powers.

The fats, which are scanty, except after a meal or in certain patho-

logical conditions, are the neutral fats, stearin, palmitin, and olein, with

a certain quantity of their respective alkaline soaps. Lecithin and
cholesterin occur in very small quantities only. Among the extrac-

tives* present in serum may be put down all the nitrogenous and
other substances which form the extractives of the body and of food,

^ Characteristic der Cholera, p. 3.

2 For the various methods of determination see Hoppe-Seyler, Hdb. Analyse, p. 327.
^ For detailed accounts of the characters of the several chemical substances men-

tioned in this and succeeding chapters consult the Appendix under the appropriate

headings.
^ This word is used to denote soluble substances of varied origin and nature, occur-

ring in small quantities, and therefore requiring to be ' extracted ' by special means.
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such as urea, kreatin, sugar, lactic acid, &c. A very large number of

these have been discovered in the blood under various circumstances,

the consideration of which must be left for the present. The peculiar

odour of blood-serum is probably due to the presence of volatile

bodies of the fatty acid series. The faint yellow colour of serum is

due to a special yellow pigment. The most characteristic and impor-
tant chemical feature of the saline constitution of the serum is the

preponderance of sodium salts over those of potassium. In this re-

spect the serum offers a marked contrast to the corpuscles (see below).

Less marked, but still striking, is the abundance of chlorides and the

poverty of phosphates in the serum as compared with the corpuscles.

The salts may in fact briefly be described as consisting chiefly of

sodium chloride, with small quantities of sodium carbonate, sodium
sulphate, sodium phosphate, calcium phosphate, and magnesium phos-

phate.

Composition of the red corpuscles. The corpuscles contain less

water than the serum. In 100 parts of wet corpuscles there are of

Water 5 6' 5 parts

Solids 43'5 „

The solids are almost entirely organic matter, the inorganic salts in

the corpuscles amounting to less than 1 p. c. Of the organic matter

again by far the larger part consists of hasmoglobin. In 100 parts of

the dried organic matter of the corpuscles of human blood, Jiidell^

found, as the mean of two observations,

Hsemoglobin 90"54 Lecithin '54

Proteid Substances 8'67 Cholesterin '25.

The composition and properties of haemoglobin will be considered in

connection with respiration. Of the proteid substances which form

the stroma of the non-nucleated red corpuscles this much may be said,

that they belong to the globulin family. The amount of fibrinoplas-

tic globulin, and the exact nature of the other members of the group

present, must be considered as yet undetermined. As regards the in-

organic constituents, the corpuscles are distinguished by the relative

abundance of the salts of potassium and of phosphates.

The distribution of inorganic salts in blood may be seen from the follow

ing analysis by C. Schmidt^ of the ash of plasma and corpuscles respectively

In 1000 parts Corpuscles. In 1000 parts Plasma.

Potassium chloride
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It must be remembered tbat tlie arrangement of bases and acids in such

an analysis is an artificial one, and moreover, that tlie asb does not repre-

sent the inorganic salts present in a natural condition in the blood. Thus
for instance, the phosphates in the ash are largely derived by oxidation

from the phosphorus present in the lecithin, and the sulphates similarly

from the sulphur of proteid substances. On the other hand, carbonic anhy-

dride is absent from the above table, though carbonates undoubtedly exist

in the serum. Free soda is put down as a constituent of the ash, because

in the ash the bases preponderate over the acids (even when carbonic

anhydride is reckoned with thein) ; this alone shews how little the salts of

the ash correspond to those really present in the blood. Among the natural

saline constituents of serum may be enumerated sodium chloride, calcic

phosphate, which is enabled to exist in a state of solution in the alkaline

blood by reason of its being combined in some way or other with the pro-

teids, and sodium carbonate.

Composition of tlie white corpuscles. If it be permitted to infer

the composition of the white corpuscles from that of the pus- corpuscles

which they so closely resemble, they would seem to consist of ^

—

1. Several proteid substances, viz. ordinary albumin, an albumin like

that of muscle coagulating at 48°, an alkali albumin, a substance closely

resembling myosin and yet differing from it, and a peculiar form of proteid

material soluble with difficulty in hydrochloiic acid. The nuclei contain

nuclein. See Appendix.

2. Lecithin, extractives, glycogen, and inorganic salts, there being in the

ash a preponderance of potassium salts and of phosphates ; after the death

of the corpuscle the glycogen appears to be converted into sugar.

Both the corpuscles and the plasma (or serum) contain gases.

These will be considered in connection with respiration.

The main facts of interest then in the chemical composition of the

blood are as follows. The red corpuscles consist chiefly of haemoglo-

bin. The solids of serum consist chiefly of serum-albumin, the quan-

tity of fibrin factors and of alkali albuminate being small. The serum
or plasma contrasts with the corpuscles, inasmuch as the former

contains chiefly chlorides and sodium salts while the latter are richer

in phosphates and potassium salts. The extractives of the blood are

remarkable rather for their number and variability than for their

abundance, the most constant and important being perhaps urea,

kreatin, sugar, and lactic acid.

Sec. 2. The Coagulation of Blood.

Blood, when shed from the blood-vessels of a living body, is

perfectly fluid. In a short time it becomes viscid; it flows less

readily from vessel to vessel. The viscidity increases rapidly until

the whole mass of blood under observation becomes a complete jelly.

The vessel into which it has been shed, can at this stage be inverted

without a drop of the blood being spilt. The jelly is of the same

1 Miescher. Hoppe-Seyler, Vntersucliungen, iv. 441.
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bulk as the previously fluid blood, and if forcibly removed, presents a

complete mould of the interior of the vessel. If the blood in this

jelly stage be left untouched in a glass vessel, a few drops of an
almost colourless fluid soon make their appearance on the surface of

the jelly. Increasing in number, and running together, the drops

after a while form a superficial layer of pale straw-coloured fluid.

Later on, similar layers of the same fluid are seen at the sides and
finally at the bottom of the jelly, which, shrunk to a smaller size

and of firmer consistency, now forms a clot or crassamentum, floating

in a perfectly fluid serum. The shrinking and condensation of the

clot, and the corresponding increase of the serum, continue for some
time. The upper surface of the clot is generally cupped. A portion of

the clot examined under the microscope is seen to consist of a feltwork

of fine granular fibrils, in the meshes of which are entangled the red

and white corpuscles of the blood. In the serum nothing can be

seen but a few stray corpuscles.

In man, blood when shed becomes viscid in about two or three

minutes, and enters the jelly-stage in about five or ten minutes.

After the lapse of another few minutes the first drops of serum are

seen, and coagulation is generally complete in from one to several

hours. The times however will be found to vary according to the

condition of the individual, the temperature of the air, and the

size and form of the vessel into which the blood is shed. Among
animals the rapidity of coagulation varies exceedingly in different

species. The blood of the horse coagulates with remarkable slow-

ness ; so slowly indeed that many of the red corpuscles (these are

specifically heavier than the plasma) have time to sink before

viscidity sets in. In consequence there appears on the surface of

the blood an upper layer of colourless plasma, containing in its

deeper portions many colourless corpuscles (which are lighter than

the red). This layer clots like the other parts of the blood, forming

the so-called ' buffy coat.' A similar buffy coat is sometimes seen in

the blood of man, in inflammatory conditions of the body.

This buffy coat makes its appearance in horse's blood even at the

ordinary temperature of the air. If a portion of horse's blood be

surrounded by a cooling mixture of ice and salt, and thus kept at

about 0" C, coagulation may be almost indefinitely postponed. Under
these circumstances a more complete descent of the corpuscles takes

place, and a considerable quantity of colourless transparent plasma
free from blood-corpuscles may be obtained. A portion of this

plasma removed from the freezing mixture clots exactly as does the

entire blood. It first becomes viscid and then forms a jelly, which
subsequently separates into a colourless shrunken clot and serum.

,

This shews that the corpuscles are not an essential part of the clot.

If a few cubic centimetres of the same plasma be diluted with 50

times its bulk of a "75 p.c. solution of sodium chloride^ coagulation is

1 A solution of sodium chloride of this strength will hereafter be spoken of as
^ normal saline solution.'
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much retarded, and the various stages may be more easily watched.

As the fluid is becoming viscid, fine fibrils of fibrin will be seen to be

developed in it, especially at the sides of the containing vessel. As
these fibrils multiply in number, the fluid becomes more and more of

the consistence of a jelly, and at the same time somewhat opaque.

Stirred or pulled about with a needle, the fibrils shrink up into a small

opaque stringy mass; and a very considerable bulk of the jelly may by
agitation be resolved into a minute fragment of shrunken fibrin floating

in a quantity of what is really diluted serum. If a specimen of such

diluted plasma be stirred from time to time, as soon as coagulation

begins, with a needle or glass rod, the fibrin may be removed piecemeal

as it forms, and the jelly-stage may be altogether done away with.

When fresh blood which has not yet had time to coagulate is stirred or

whipped with a bundle of rods (or anything presenting a large

amount of rough surface), no jelly-like coagulation takes place, but

the rods become covered with a mass of shrunken fibrin. Blood thus

whipped until fibrin ceases to be deposited, is found to have entirely

lost its power of coagulation. Putting all these facts together, it is

very clear that the coagulation of blood is due to the appearance in

the plasma of fine fibrils of fibrin. As long as these are scanty, the

blood is simply viscid. When they become sufficiently numerous,

they give the blood the firmness of a jelly. Soon after their forma-

tion they begin to shrink ; and in their shrinking enclose in their

meshes the corpuscles, but squeeze out the remaining fluid parts of

the blood. Hence the appearance of the shrunken coloured clot and

the colourless serum.

Fibrin, whether obtained by whipping freshly-shed blood, or by
washing a normal clot, or a clot obtained from colourless plasma,

exhibits the same general characters. It is a proteid ; and gives the

ordinary proteid reactions. It it insoluble in water and in dilute

saline solutions ; and though it swells up in dilute hydrochloric acid,

it is not thereby appreciably dissolved (see Appendix).

Minor differences have been stated to exist in the characters of fibiin

obtained, in various ways and from, various sources, ex gr. by whipping or by

washing a blood-clot, from venous or from arterial blood. But these differences

are unimportant. The characters are said to vary also in different animals.

Coagulation then is due to the appearance in the blood-plasma of

a substance, fibrin, which previously did not exist there as such.

Such a substance must have antecedents, or an antecedent—what

are they, or what is it ?

If blood be received direct from the blood-vessels into one-

third its bulk of a saturated solution of some neutral salt, such as

magnesium sulphate, and the two gently but thoroughly mixed,

coagulation, especially at a moderately low temperature, will be

deferred for a very long time. If the mixture be allowed to stand,

the corpuscles will sink, and a colourless plasma will be obtained

similar to the plasma gained from horse's blood by cold, except that
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it contains an excess of the neutral salt .The presence of the neutra,l

salt has acted in the same direction as cold : it has prevented the
occurrence of coagulation. It has not destroyed the fibrin ; for if

some of the plasma be diluted with ten or more times its bulk
of water, it will coagulate speedily in quite a normal fashion, with
the production of quite normal fibrin.

If some of the colourless transparent plasma, obtained either by
the action of neutral salts from any blood, or by the help of cold from
horse's blood, be treated with some solid neutral salt, such as sodium
chloride, to saturation, a white flakj?- somewhat sticky precipitate will

make its appearance. If this precipitate be removed, the fluid is no
longer coagulable (or very slightly so), even though the neutral salt

present be removed by dialysis, or its influence lessened by dilation.

With the removal of the substance precipitated, the plasma has lost

its power of coagulating.

If the precipitate itself, after being washed with a saturated

solution of the neutral salt (in which it is insoluble) so as to get rid

of all serum and other constituents of the plasma, be treated with a
small quantity of water, it readily dissolves, and the solution rapidly

filtered gives a clear colourless filtrate, which is at first perfectly fluid.

Soon, however, the fluidity gives way to viscidity, and this in turn to a
jelly condition, and finally the jelly shrinks into a clot floating in a
clear fluid; in other words, the filtrate clots like plasma. Thus there
is present in cooled plasma, and in plasma kept from clotting by the
presence of neutral salts, a something, precipitable by saturation with
neutral salts, a something which, since it is soluble in water, or in

very dilute saline solutions, cannot be fibrin itself, but which in

solution speedily gives rise to the appearance of fibrin. To this sub-
stance its discoverer, Denis^ gave the name of plasmine. We are

justified in saying that the coagulation of blood is due to the con-
version of plasmine into fibrin.

The question now arises. What is the exact nature of plasmine?
Is it for instance a mixture of two or more substances which by their

interaction produce fibrin? This view is suggested by the fact that
plasmine cannot be kept in solution for any length of time without
changing into fibrin, except when submitted to certain influences,

such as cold. It is moreover supported by the following facts.

The disease known as hydrocele is characterized by the presence
in the tunica vaginalis (or serous sac of the testis) of an abnormal
and often very considerable quantity of a clear, colourless, or faintly

yellow fluid very similar to the serum of clotted blood. This secre-

tion, when drawn from the living body without admixture of blood,

will in the great majority of cases remain perfectly fluid, and enter

into decomposition without having shewn any tendency whatever to

clot. Ip. a few exceptional cases a coagulation, generally slight, but
quite similar to that of colourless blood-plasma, may be observed.

1 Ann. d. Sci. Nat., (iv.) s. p. 25.

F. P. 2
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If a small quantity of hydrocele fluid which, has been observed

not to clot spontaneously be mixed with some serum or whipped
blood, the mixture will after a longer or shorter time clot in a com-
pletely normal manner. That is to say, two fluids neither of which

apart clot spontaneously, will clot spontaneously when mixed together.

In some cases no clot is formed; specimens of hydrocele fluid are

occasionally met with in which coagulation cannot be thus produced.

If serum be treated to saturation with solid sodium chloride, a

flaky precipitate very similar in general appearance to plasmine will

make its appearance. Like plasmine this precipitate is soluble in

very dilute neutral saline solutions, and in consequence as thus pre-

pared readily dissolves when treated with distilled water, since a

certain amount of sodium chloride clings to it. Unlike plasmine, its

filtered solution will not clot. If, however, some of the solution be
added to hydrocele fluid, a clottiog takes place just the same as

when serum itself is added. The rest of the serum from which this

substance has been removed will not, after the removal by dialysis of

the excess of salt, cause clotting in hydrocele fluid. Evidently it is

the presence of this constituent, not coagulable of itself, which gives

to serum its power of producing a coagulation in hydrocele fluid.

The substance in question may also be prepared by diluting blood-

serum with ten or twenty times its bulk of water and passing a brisk

stream of carbonic acid through it. The mixture speedily becomes
turbid, and if left to stand a copious white amorphous somewhat
gi-anular precipitate settles down. The substance so thrown down
belongs by its characters to the class of globulins (see Appendix). It

is readily soluble in dilute neutral saline solutions, and its solutions in

these cause coagulation of hydrocele fluid. It may also be thrown
down by very cautiously adding dilute acetic acid to dilute serum. It

has received the name of fibrinoplastiii or fihrinoplastic globulin or

paraglobulm.
If, on the other hand, hydrocele fluid, specimens of which have

been observed to coagulate on the addition of serum or fibrinoplastin,

be treated in the same way either with carbonic acid or with sodium
chloride to saturation, a precipitate is obtained similar to, but more
flaky and less granular in nature than, that produced in serum.

When this precipitate, to which the name of fibrinogen has been
given, dissolved in dilute neutral saline solution, is added to serum,

the mixture coagulates spontaneously, while the hydrocele fluid from
which the substance has been removed no longer causes coagulation

in serum. Thus fibrinoplastin from serum causes coagulation of

hydrocele fluid, and fibrinogen from hydrocele fluid causes coagula-

tion of serum, though neither alone coagulate spontaneously. And
serum deprived of its fibrinoplastin, and hydrocele fluid deprived of

its fibrinogen, have lost all power of coagulating each other.

It is worthy of remark tliat fibrinoplastin is more easy of extraction

than fibrinogen, and that hydrocele fluid is much more readily and firmly

coagulated by fibrinoplastin than is serum by fibrmogen.
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Lastly, if solid fibrinoplastin and fibrinogen, prepared by the
sodium chloride method, be together dissolved in dilute saline solution,

the fluid mixture will coagulate spontaneously with the production of

quite normal fibrin.

These facts seem to shew that plasmine is a mixture of fibrinogen

and fibrinoplastin; indeed an artificial mixture of the two latter,

obtained from serum and hydrocele fluid respectively, would be un-
distinguishable from the former obtained from plasma. It must
however be remembered that no one has yet succeeded in separating
natural plasmine into fibrinogen and fibrinoplastin^.

There are moreover facts which sliew that the above statements do not
cover the whole ground; there is evidence of the existence of a third factor

in the process.

1. If fibrinogen and fibrinoplastin be isolated by the carbonic acid

method, their mixture in a sahne solution clots with great difiiculty or not
at all

;
prepared by the saturation method, they give a good firm clot. This

suggests that something retained by the latter method is lost by the

former methed.

2. Normal blood-plasma must naturally contain an excess of fibrino-

plastin, since after coagulation the serum still contams a considerable

quantity of that body. Yet even in blood-plasma, fibrinoplastiti, under
certain circiimstances, will favour coagulation. If three parts of plasma be

mixed with one part of a solution of magnesium sulphate (one of the salt to

three and a half of water), the mixture diluted with eight parts of water
will afford a dilute plasma, in which sj)ontaneous coagulation will either not

occur at all or come on very slowly indeed. In this dilute plasma the

fibrinoplastin is still in excess. Nevertheless the addition of a further

quantity of fibrinoplastin, prepared by saturation with sodium chloride,

will speedily cause coagulation. From this it may be inferred that in

adding the fibrinoplastin thus prepared something else is added as well.

3. If blood-serum or defibrinated blood be poured into about twenty
times its bulk of strong spirit and the mixture allowed to stand for some
three weeks, or longer, the proteid matters including the fibrinoplastin

become coagulated and almost wholly insoluble in water. Hence if the

spuit be filtered ofi" from the copious precipitate, and the latter dried at

a low temperature (below 40°) and extracted with distilled water, the

aqueous extract contains no palpable amount of proteid material and gives

but slight reactions with proteid tests. A small quantity of this aqueous

extract of blood, however, though free from fibrinoplastin, will when added

to the dilute plasma, spoken of above, bring about a rapid coagulation.

4. If the pericardial cavity of a large mammal (ox, horse, sheep) be laid

open immediately after death, the fluid removed will coagulate spontane-

ously and rapidly. The clot will on examination be found to consist of a

1 We owe the discovery of fibrinoplastin and fibrinogen to A. Schmidt, whose earher

papers will be found in Eeichert and Du Bois-Eeymond's Archiv, 1861, p. 545, and 1862,

p. 428. Schmidt's later results, which are discussed in the succeeding ijortions of this

section, are contained in papers published in Pfliiger's ^j'cMu, vi. (1872) p. 413; si.

(1875), pp. 291 and 515 ; sm. pp. 93 and 146. .

2 2
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rueshwork of normal fibrin in wliicli are entangled a multitude of white

corpuscles. If the opening of the body be deferred to some twenty or

more hours after death, the pericardial fluid will be found either not to

coagulate at all or to coagulate very slowly and feebly.

When, however, fibrinoplastin prepared by the saturation method is

added to such a pericardial fluid a rapid and complete coagulation is gener-

ally bi-ought about. But precisely tlie same coagulation may in many
cases be brought about by the simple addition of the aqiieous extract just

described. Most pericardial fluids in fact behave extremely like the dilute

plasma spoken of above.

Here then are indications of the existence of a substance which is

neither fibrinogen nor fibrinoplastin, but which nevertheless ap])ears to be

as necessary as either of the other two for the occuri-ence of coagulation.

This third substance will not bring about coagulation with fibrinogen alone

or with fibrinoplastin alone. It will not bring about coagulation in fluids

such as ordinary hydrocele fluid, in which fibrinoplastin is apparently absent,

nor in serum, in which fibrinogen is absent. It is efiicacious only in such

cases where there are reasons for thinking that both fibrinoplastin and
fibrinogen are present. But its most important feature is the following.

In the cases in which coagulation is brought about by the addition of

fibrinoplastin to fibrinogenous liquids, the quantity of fibrin produced

bears, within certain limits, a proportion to the quantity of fibrinoplastin

added ; whereas the addition of aqueous extract of blood only afiects the

rajnclitT/ with which coagulation sets in, and not at all the quantity of

fibrin produced. In other words, the aqueous extract does not contribute

to the substance of the fibrin, but favours, or is essential to, the union of,

the two fibrin factors. That is to say, the substance in the aqueous
extract which thus afiects coagulation belongs to that class of substances

which promote the union of other bodies, or cause changes in other bodies,

without themselves entering into union or undei'going change. These

substances we shall hereafter learn to speak of as "ferments;" and this

particular substance has been called by its discoverer, A. Schmidt^, fibrin-

ferment. Obviously the ferment is present in blood-plasma, in plasmine,

and in fibrinoplastin as prepared by the saturation method, but is apparently

in large measure lost when fibrinoplastin is prepared by the carbonic acid

method.

In conclusion then we may say, that coagulation is the result of the

interaction of two bodies, fibrinoplastin and fibrinogen, brought about by
the agency of a third body, fibrin-ferment. Where these three bodies are

all present, as in blood-plasma, in plasmine, in pei-icardial fluid taken from
the body immediately after death, spontaneous coagulation is witnessed :

where the ferment is absent, but the other factors are present, as in many
cases of pericardial fluid removed some time after death, coagi;lation will

take place on the addition of ferment alone : where both ferment and fibri-

noplastin are absent, as in many cases of hydrocele fluid, both these must
be added before coagulation can come on.

The exact nature of the pi-ocess by which the presence of all three

factors leads to the formation of fibrin cannot be at present defined more
closely than by the phrase ' interaction.' Beyond the broad fact that the

quantity of fibrin formed is dependent on the quantity of fibrinoplastin

^ Op. cit.
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and fibrinogen present, we have no knowledge of quantitative relations

between the two constituents. That they do not unite simply together, as

a base with an acid, seems to be clearly shewn by the fact, stated by
Schmidt, that in artificial coagulations the quantity of fibrin formed is by
weight always less than that of the fibrinoplastin used. Hammarsten'
argues that the fibrinoplastin, or, as he would prefer still to call it, paraglo-

bulin does not enter in any way into the fibrin, the latter being simply

transformed fibrinogen. He explains the fibrinoplastic properties of para-

globuliu as due to that substance obviating certain hindrances to the

formation of the fibrin, for instance, preventing the solution by saline or

other bodies of the fibrin while it is in M'hat may be called a nascent

condition, i. e. in a stage intermediate between fibrinogen and fibrin. Ac-
cording to him the quantity of fibrinoplastin present in a coagulating

fluid, though of marked efiect on the quantity of fibrin produced, has no
efiect on the total quantity of fibrinogen used up, i. e. transformed into

fibrin or into something else.

Still the conception of coagulation as a chemical process between

certain factors renders easy of comprehension the influence of various

conditions on the coagulation of blood. The quickening influence of

heat, the retarding effect of cold, the favourable action of motion and
of contact with surfaces, and hence the results of whipping and the

influence exerted by the form and surface of vessels, become in-

telligible. The greater the number of points, that is the larger and
rougher the surface presented by the vessel into which blood is shed,

the more quickly coagulation comes on, for contact with surfaces

favours chemical union. So also the presence of spongy platinum, or

of an inert powder like charcoal, quickens the coagulation of tardily

clotting fluids, such as many cases of pericardial fluid.

The action of neutral salts is still obscure. Schmidt has shewn that

the presence of a neutral salt, such as sodium chloride, is essential to the

process, coagulation not occurring even where all three factors are present,

if no neutral salt accompany them ; thus bringing fibrin coagulation after

all into the same category as the coagulation of albumin by heat : see

Appendix. The presence of haemoglobin also, independently of the fibrino-

plastin which may be present in the red corpuscles, appears to favour

coagulation.

Having thus arrived at an approximative knowledge of the nature

of coagulation, we are in a better position for discussing the question.

Why does blood remain fluid in the vessels of the living body and yet

clot when shed ?

The older views may be at once summarily dismissed. The
clotting is not due to loss of temjierature, for cold retards coagu-

lation, and the blood of cold-blooded animals behaves just like that

of warm-blooded animals in clotting when shed. It is not due to

loss of motion, for motion favours coagulation. It is not due to

exposure to air, whereby either an increased access of oxygen or an

escape of volatile matters is facilitated, for on the one hand the blood

is fully exposed to the air in the lungs, and on the other shed blood

i Pfljiger's Archiv, sit. (1877), 211.
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clots when received, without any exposure to the atmosphere, in a
closed tube over mercury.

All the facts known to us point to the conclusion, that when
blood is contained in healthy living blood-vessels, a certain relation

or equilibrium exists between the blood and the containing vessels of

such a nature that as long as this equilibrium is maintained the
blood remains fluid, but that when this equilibrium is disturbed by
events in the blood or in the blood-vessels or by removal of the
blood, the blood undergoes changes which result in coagulation.

The most salient facts in support of this conclusion are as follows.

1. After death, when all motion of the blood has ceased, the blood
remains for a long time fluid. It is not till some time afterwards, at

an epoch when post-mortem changes in the blood and in the blood-

vessels have had time to develope themselves, that coagulation begins.

Thus some hours after death the blood in the great veins may be
found perfectly fluid. Yet such blood has not lost its power of coagu-
lating ; it still clots when removed from the body, and clots too when
received over mercury without exposure to air, shewing that the

fluidity of the highly venous blood is not due to any excess of car-

bonic acid or absence of oxygen. Eventually it does clot even within

the vessels, but never so firmly and completely as when shed. It

clots first in the larger vessels, remaining for a very long time, for

many hours in fact, fluid in the smaller veins, where the same bulk
of blood is exposed to the influence of, and reciprocally exerts an in-

fluence on, a larger surface of the vascular walls than in the larger

veins. Thus if the foot of a sheep be ligatured and amputated, the

blood in the small veins will be found fluid and yet coagulable for

many hours.

2. If the vessels of the heart ofa turtle (or any other cold-blooded

animal) be ligatured, and the heart be cut out and suspended so that it

may continue to beat for as long a period as possible, the blood will

remain fluid within the heart as long as the pulsations go on, i.e. for

one or two days (and indeed for some time afterwards), though a por-

tion taken away at any period of the experiment will clot very

speedily \

3. If the jugular vein of a large animal, such as an ox or horse,

be ligatured when full of blood, and the ligatured portion excised,

the blood in many cases remains perfectly fluid, along the greater

part of the length of the piece, for twenty-four or even forty-eight

hours. The piece so ligatured may be suspended in a framework
and opened at the top so as to imitate a living test-tube, and yet the

blood will often remain long fluid, though a portion removed at any
time into another vessel will clot in a few minutes. If two such
living test-tubes be prepared, the blood may be poured from one to the

other without coagulation taking placed

1 Briicke, Brit, and For. 3Ied. Cliir. Bevino, xix. p. 183 (1857).
2 Lister, Proc. Roy. Soc, xn. p. 580 (1858).
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The above facts illustrate tlie absence of coagulation in intact

or slightly altered living blood-vessels ; the following shew that co-

agulation may take place even in the living vessels.

4. If a needle or piece of wire or thread be introduced into the
living blood-vessel of an animal, either during life or immediately
after death, the piece will be found encrusted with fibrin.

5. If in a living animal a blood-vessel be ligatured, the ligature

being of such a kind as to injure the inner coat, coagulation takes place

at the ligature and extends for some distance from it. Thus if the
jugular vein of a rabbit be ligatured roughly in two places, clots will

in a few hours be found in the ligatured portion, reaching upwards
and downwards from each ligature, the middle portion being the
least coagulated. Clots will also be found on the far side of each
ligature. The clots will still appear if the ligature be removed im-
mediately after being applied, provided that in the process the inner
coat has been wounded. If the ligatures be applied in such a way as
not to injure the inner coat, coagulation will not take place, though
the blood may remain for many hours perfectly at rest between the
ligatures.

6. When an artery is ligatured a conspicuous clot is formed on
the cardiac side of the ligature. The clot is largest and firmest in the
immediate neighbourhood of the ligature, gradually thinning away
from thence and reaching usually as far as where a branch is given
off. Between this branch and the ligature there is stasis ; the walls

of the artery suffer from the want of renewal of blood, and thus favour

the propagation of the coagulation. On the distal side of the ligature

where the artery is much shrunken, the clot which is formed, though
naturally small and inconspicuous, is similar.

7. Any injury of the inner coat of a blood-vessel causes a coagu-
lation at the spot of injury. Any treatment of a blood-vessel tending
to injure its normal condition causes local coagulation.

8. Disease involving the inner coat of a blood-vessel causes a
coagulation at the part diseased. Thus inflammation of the lining

membrane of the valves of the heart in endocarditis is frequently

accompanied by the deposit of fibrin. In aneurism the inner coat is

diseased, and layers of fibrin are commonly deposited. So also in

fatty and calcareous degeneration without any aneurismal dilatation

there is a tendency to the formation of clots.

9. Similar phenomena are seen in the case of serous fluids

which coagulate spontaneously. If, as soon after death as the body is

cold and the fat is solidified, the pericardium be carefully removed
from a sheep by an incision round the base of the heart, the peri-

cardial fluid may be kept in the pericardial bag as in a living cup for

many hours without clotting, and yet a small portion removed with a



24 SOURCES OF TEE FIBRIN-FACTORS. [Book i.

pipette clots at once, and a thread left hanging into the fluid soon

becomes covered with fibrin.

The only interpretation which embraces these facts is that so long

as a certain normal relation between the lining surfaces of the blood-

vessels and the blood is maintained, coagulation does not take place
;

but when this relation is disturbed by the more or less gradual death

of blood-vessels, or by their more sudden disease or injury, or by the

presence of a foreign body, coagulation sets in. Two additional points

may here be noticed. 1. Stagnation of blood favours coagulation

wdthin the blood-vessels, apparently because the blood-vessels, like

other tissues, demand a renewal of the blood on which they depend
for the maintenance of their vital powers. 2. The influence of surface

is seen even in the coagulation within the vessels. In cases of co-

agulation from gradual death of the blood-vessels, as in the case of

an excised jugular vein, the fibrin, when its deposition is sufficiently.

slow, is seen to appear first at the sides, and from thence gradually,

frequently in layers, to make its way to the centre. So in aneurism,

the deposit of fibrin is frequently laminated. In cases where coagu-

lation results from disease of the lining membrane, the rougher the

interior, the more speedy and complete the clotting. So also a rough
foreign body, presenting a large number of surfaces and points of

attachment, more readily produces a clot when introduced into the

living blood-vessels than a perfectly smooth one.

Clear as it seems to be that some vital relation of blood to blood-

vessel is the dominant condition affecting coagTilation, it is by no
means easy to state distinctly what is the exact nature of that rela-

tion. Some authors^ speak of the blood-vessels as exercising a re-

straining influence on the natural tendency of the blood to coagulate.

Others"'' regard the living blood-vessel (and indeed living matter in

general) as being wholly inert towards the fibrin-factors. These they

consider need the presence, the contact influence of some body, in

order that they may act on each other to form fibrin ; thus contact

with the sides of the vessel into which blood is shed, or with the

surface of a foreign body introduced into a living vessel, is, according

to them, the determining cause of coagulation. They suppose that

living matter exercises no such contact influence.

Befoi'e this point can be decided, further knowledge is needed concern-

ing the exact condition of the fibrin-factors iia living blood within the

Ijody. While the blood is flowing uncoagulated through the vessels are all

the three fibrin-factors, fibrinoplastin, fibrinogen and ferment, already pre-

sent in plasma % Or are they all, or is one or two absent, and if so is the

appearance of them, or of one of them, in the plasma, the necessary invisible

forerunner of coagulation ? Our scanty information on this point may be

summarized as follows.

1. In all spontaneously coagnlable fluids white corpuscles are present,

and the more abundant they are, the more pronounced is the coagulation,

1 Briicke, ojp. clt. " Lister, op. cit.
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Thus the spontaneously coagulating pericardial fluid is exceedingly rich in

white corpuscles, and the clot formed seems under the microscope to be

almost entirely composed of them, so completely do they hide the threads

of fibrin. In the specimens of pericardial and of hydrocele fluid which do

not coagulate spontaneously white corpuscles are absent, or at least scanty.

2. The deposition of flbrin round a thread if dipped into a coagulable

fluid or drawn through a blood-vessel and left there, is preceded by an

accumulation of white corpuscles. These cluster in greater numbers round

the thread, and when the mass is examined under the microscope the cor-

puscles seem to serve as starting points for the development of the threads

of fibrin.

3. In the experiment of keeping blood fluid but coagulable in an
excised jugular vein (of the horse), it is observed that when, as in course

of time happens, the corpuscles have sunk to the bottom of the piece of

vein, the upper layers of clear, corpuscle-free, plasma clot very feebly

indeed when removed from the vein, whereas the lower layers rich in

corpuscles clot most firmly.

4. When horse's blood is received from a blood-vessel into an ice-cold

dilute solution of chloride of sodium, and the mixture kept just short of

actually freezing, the whole mass of corpuscles sinks rapidly. It is then

observed that the dilute plasma free from corpuscles clots feebly, whereas the

lower layers of the same dilute plasma, containing all the corpuscles, gives an
abundant coagulation. Plasma of horse's blood may be diluted with twelve

times its bulk of distilled water and filtered, without coagulation setting in,

provided that the whole operation is conducted at a temperature just short

of freezing. The filtered diluted plasma, which is found to be exceedingly

tree from white corpuscles, these being left on the filter, clots feebly ; the

amount of fibrin it produces is less than half that obtainable from the same
diluted plasma unfiltered'.

These facts point very decidedly to the conclusion that the white cor-

puscles have some share in bringing about coagulation ; they moreover

suggest that one or more of the fibrin-factors have their source in the white

corpuscles, and that coagulation is due to the passage of these elements from
the body of the corpuscle into the plasma. The latter view is corroborated

by the following facts.

5. In defibrinated blood or blood-serum a certain amount of fibrin-

ferment is present. If however blood be treated with alcohol immediately on
leaving the blood-vessels, very little ferment indeed is found to be present.

The qviantity is found to increase from the moment of leaving the vessels

to the onset of coagulation. The fibrin-ferment therefore is developed

from some part of the blood. If horse's blood be kept at freezing tempe-

rature, the formation of ferment is arrested. If after the corpuscles have

sunk the undermost layers of the blood, containing almost exclusively red

corpuscles, be removed, little or no ferment can be obtained from this ^^ortion,

either when examined immediately, or after being allowed to clot at an
ordinary temperature. In a portion taken from the upper layers (colourless

plasma) of the same blood, while there is little or no ferment present before

the coagulation of the specimen, there is abundance afterwards. If a

^ A. Schmidt, op. cit.
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similar portion of the same colourless plasma be filtered in tlie cold, tlie

fi^ltrate, which is nearly free from white corpuscles, is very poor in ferment
both before and after the feeble and slow coagulation which the fluid

undergoes ; the material on the filter, consisting almost entirely of white
corpuscles, is very rich in ferment. These facts seem to shew that the
fibrin-ferment which is present in blood-serum has its sovirce, not in the red
but in the white corpuscles, and that the passage of the ferment from the
white corpuscle into the ^^lasma is a precursor of coagulation,

6. The coagulation of filtered diluted plasma has been said to be both
feeble and slow. The tardiness of the coagulation is due to the paucity of

ferment ; the feebleness, i. e. the small quantity of fibrin produced, must be
due to the scantiness of one or both of the fibrin-factors. On adding fibrino-

plastin the quantity of fibrin produced is the same as that given by the
same quantity of unfiltered plasma. The filtered plasma is therefore defi-

cient in fibriuoplastiu. The material left on the filter is rich in fibrino-

plastin. The inference which A. Schmidt draws from these facts, is that

fibrinoplastin, like the fibrin-ferment, has its origin in the white corpiiscles,

but that fibrinogen is a normal constituent of the plasma.

7. If a drop of horse's plasma kept from coagulating by cold be
examined under the microscope, it will be found to contain a large number
of white corpuscles mixed with which are corpuscles of an intermediate

character between white and red, i. e. nxicleated cells whose protoplasm is

loaded with coloured haemoglobin granules. As the drop is watched, a large

number of the white corpuscles and all the intermediate forms are seen
to break up into a granular detritus. This breaking up of the white cor-

puscles is the precursor of coagulation, the threads of fibrin seeming to staii;

from the remains of the corpuscles. Putting all these facts togethei', Schmidt
concludes that when blood is shed, a number of white and intermediate

coi-puscles fall to pieces, by which act a quantity of fibrin-ferment and of

fibrinoplastin is discharged into the plasma. These meeting there with the

already present fibrinogen give rise to fibrin, and coagulation results. In
other mammals coagulation even at low temperatures is too rapid to permit
of the changes in the corpuscles being watched as satisfactorily as in the

horse, but even in these evidences of the existence of intermediate forms

may be met svith.

This view excludes the red corpuscles, as far as mammals are concerned,

from any direct ' share in coagulation. Whether this ultimately prove to

be correct or not, there are facts which shew that the nucleated red cor-

puscles of other vertebrates, which it must be remembered are the homo-
logiies of the intermediate forms, have a much clearer connection with the

process. If the defibrinated blood of the frog or the bird be allowed to

stand until the corpuscles have subsided, the latter, separated as much as

possible from the serum, and treated with a considerable quantity of

distilled water, yield a filtrate which coagulates spontaneously. That is to

say, the water breaks up the red corpuscles and sets free a quantity of

fibrin-factors which otherwise would have remained latent. The amount
of fibrin thus obtained may be considerably greater than the quantity

originally appearing in the blood. It is worthy of notice, that in this case

the corpuscle is the source, not only of the fibrin-ferment and fibrinoplastin,

but also of the fibrinogen.
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Accepting this view as approximately correct, tlie coagulation of shed

blood may be referred to tbe circumstance, that even the comparatively

slight changes which must take place in the blood on its leaving the

vessels are sufficient to entail the death, and so the breaking np, of a

number of tbe delicate white corjjuscles. The formation of clots within the

body is not so easy to explain. "VVe are driven in these cases to siippose

that injured and diseased spots or foreign bodies first attract, and then, as

it were by irritation, cause the death, of a certain number of corpuscles.

But in any case, if this view be admitted, it must also be granted that

tbe blood-vessels do in some manner or other exercise a restraining influence

on the formation of fibrin. For many of these corpuscles must, in the

natural course of events, die and break up in the blood-stream, without

causing coagulation. Further, defibrinated blood contains both fibrin-

ferment and fibrinoplastin ; it ought, therefore, when injected into the

vessels which already in the natural blood contain fibrinogen, to occasion a

rapid and speedy general coagulation. This it does not. The coagulations

which occur after transfusion of defibrinated blood are partial and uncertain.

"We might infer from this that the system has some power of rapidly either

destroying ferment or changing the properties of fibrinoplastin. In support

of this it has been stated, that a quantity of fibrin-ferment injected into

the system may be detected in the blood immediately afterwards (and is

present then without causing coagulation), but speedily disappears. The
loss of spontaneous coagulability in pericardial fluid might be attx'ibuted to

an escape by migration of the white corpuscles away fi'om the pericardial

cavity, but this is inconsistent with the fact that in the majority of cases

the ferment alone disappears while the fibrinoplastin remains. According

to the facts given above, the white coi-puscles in escaping would caiTy away
both ferment and fibrinoplastin, leaving the fibrinogen alone. Lastly, we
should remember that all the above, even if correct, is only an approximative

solution. The coagulation of muscle-plasma is a coagulation in which white

corpuscles cannot serve as Dei ex machma ; moreover, as we shall see later

on, the rigor mortis of the white corpuscle itself is a coagulation ; and for

this its own subsequent disintegration cannot be regarded as an adequate

cause.

Sec. 3. The Histoey of the Corpuscles.

In the living body red blood-corpuscles are continually being
destroyed, and new ones as continually being produced. The proofs of

this are,

1. The number of the red corpuscles in the blood at any given

time (as determined by the examination of a drop of blood) varies

much. After a very large reduction of the total number of red

corpuscles, as by hsemorrhage or disease (anaemia), the normal pro-

portion may be regained even within a very short time.

2. There are reasons for thinking that the urinary and bile-

pigments are derivatives of hasmoglobin. If this be so, an immense
number of corpuscles must be destroyed daily (and replaced by new
ones) in order to give rise to the amount of iirinary and bile-pigment

discharged daily from the body.

3., When the blood of one animal is injected into the vessels of
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another {ex. gr. that of a bird into a mammal), the corpuscles of the

first may for some time be recognised in blood taken from the second;

but eventually they Avholly disappear. This of course is no strong

evidence, since the destruction of foreign corpuscles might take place

even though the proper ones had a permanent existence.

Origin of the Med Corpuscles.

In the embryo red corpuscles are produced,

1. From metamorphosis of certain mesoblastic cells in the

vascular area.

2. By division of the corpuscles thus formed.

3. In a somewhat later stage, by the transformation of nucleated

white corpiiscles, which probably arise in the liver and spleen, and

pass thence into the blood. The cell-substance becomes impregnated

with haemoglobin, and the nucleus breaks up and disappears.

4. By the direct transformation of the protoplasm of undifFerentiated

connective-tissue corpviscles^, the red corpuscle appearing first as a minute

speck in the protoplasmic cell-substance, and subsequently enlarging very

much after the fashion of an oil-globule.

In the adult, division of existing corpuscles is at least exceed-

ingly rare, if it occurs at all. In the spleen-pulp small nucleated

coloured corpuscles have been observed similar to those met with in

the embryo ; transitional forms, shewing the presence of ha^moglobih

in the cell-substance and degeneration of the nucleus, have been seen.

In the wide capillaries of the red medulla of bones similar transi-

tional forms have been observed, and they have also been noticed

in circulating blood.

Accordmg to Alex. Schmidt^, in living unchanged blood these forms are

abundant; they break up and disappear, however, immediately that the

blood is shed, unless special precautions (application of cold &c.) be used.

From these several facts it is concluded that the red corpuscles

take origin from colourless nucleated corpuscles similar to, if not

identical with, the ordinary white corpuscles of the blood.

In the case of animals with nucleated red corpuscles the change consists

chiefly in a transformation of the native protoplasm of the white corpuscle

into haemoglobin and stroma. In the case of animals with non-nucleated

red corpuscles, most observers^ agree in the opinion that the nucleus of the

white corpuscle breaks up and disappears, so that the red corjDuscle repre-

sents only the modified cell-substance of its progenitor. "Wharton Jones,

supported by Huxley, resting chiefly on the parallelism in size and form

between the nuclei of the white corpuscles and the entire red corpuscles in

different orders and families of mammals, concludes that the latter is in

realitv the naked coloured nucleus of the former.

Origin of the White Corpuscles.

That the white corpuscles are continually being removed is evi-

• 1 Schafer, Froc. Hoy. Soc, xxii. 213. ^ q^^ cit. 3 Kolliker, Neumann, Schmidt.
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dent from the fact that they vary extremely in number at different

times and under various circumstances. They are very largely

increased by taking food. Thus during fasting they may be seen in

a drop of blood to bear to the red the proportion of 1 in 800 or 1000.
After a meal this proportion rises to 1 in 300 or 400.

The fact that in the lymphatic glands, follicles and other adenoid struc-

tures, corpiiscles, similar to if not identical with white blood-corpuscles, are
to be seen of very varioiis sizes and with dividing nuclei, suggests that
these organs are the birth-places of the white corpuscles. The lymph is

continually pouring into the blood a crowd of white corpuscles, which for

the most part make their appearance in the lymph-vessels after the latter

have traversed the lymphatic gla,nds. And this view is further supported
by the fact that in the disease Leuchsemia, where the white corpuscles ai-e

so abundant as to number as much as 1 to 10 red, the spleen, the lymphatic
glands, and other forms of adenoid tissue, are enlarged. (The phenomena
are however capable of a converse interpretation, viz. that the white cor-

puscles, failing to become converted into red corpuscles, are crowded into

the lymphatic organs.)

At the same time it is open for us to suppose that any proliferating tissue

may give rise to new corpuscles; and Klein ^ states that he has seen them
budded off from the reticulum of the spleen. The white corpuscles have
also been observed to divide^.

We may conclude therefore that the white corpuscles probably
arise, chiefly by division, from the leucocytes of adenoid tissue, but
that other sources may exist.

Fate of the '\Mvite Corpuscles.

As we have seen, it is extremely probable that a large number
of the white corpuscles end by giving birth to red corpuscles. We
know that in an inflamed area the white corpuscles migrate in large

numbers into the extravascular elements of the tissues, and there

are reasons for thinking that the new structures which make their

appearance as the result of inflammation may arise in part at least

from such migratory corpuscles. But the question to what extent

this takes place, and how far the white corpuscles are concerned in

tissue regeneration, is too unsettled and too long a matter to be
discussed here.

Fate of the Red Corpuscles.

In the spleen we find, as Kolliker pointed out a long time ago,

large protoplasmic cells in which are included a number of red cor-

puscles: and these red corpuscles may be observed in various stages

of apparent disintegration. It is probable therefore that the spleen

is the grave of many of the red corpuscles. Since serum of fresh

blood contains no dissolved haemoglobin, it is clear that the hsemo-
globin of the broken-up corpuscles must speedily be transformed

into some other body. Into what other body? In old blood-clots

1 .Q. J. Micros. Sci. xv. (1875) p. 370. ^ Hein, Hdb. Phjs. Lab. p. 8.
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(as in those of cerebral haemorrhage) there are frequently found

minute crystals of a body which has received the name Hcematoidin.

There can be no doubt that the hsematoidin of these clots is a deri-

vative from the hsemoglobin of the escaped blood. We know^ that

haemoglobin contains a residue of hsematin. We know further that

hgematin may lose its iron (which appears to be loosely attached),

and yet remain a coloured body. So that there is no difficulty in

the passage from the proteid-and-iron containing haemoglobin to the

proteid-and-iron free haematoidin. But h^matoidin, not only in

the form and appearance of its crystals, but also, as far as can be
ascertained, by the analysis of the small quantities at disposal, in its

chemical composition is identical with hiliruhin, the primary pigment
of bile. Moreover, the injection of haemoglobin, or of dissolved red

corpuscles, into the vessels of a living animal, gives rise to a large

amount of bile-pigment in the urine, and at the same time increases

enormously the relative quantity of hiliruhin in the bile. Thus
though no one has yet succeeded in producing hiliruhin artificially

from haemoglobin, facts point very strongly to the view that the red

corpuscles are used up to supply bile-pigment.

It must be added however that, according to Preyer^, the spectra

of hasmatoidin and bilirubin are quite distinct, and that many observers

have failed to obtain bile-pigment in the urine as the result of injection of a

solution of hfemoglobin. Blood-clots frequently contain, besides or in place

of heematoidin, a yellow substance named lutein, which is certainly distinct

from bilirubin. Lutein is the substance which gives to corporea lutea their

characteristic colour. Our knowledge of urinary pigments is so imperfect

that little can be said as to their relation to haemoglobin. We cannot at

present definitely trace the normal urinary pigment back to hsemoglobin,

however probable such a source may seem ; but Jaffe finds in many urines,

especially those of fever-patients, a body called urobilin, identical with hydro-

hiliruhin obtained from bilirubin by reduction with sodium amalgam^

Sec. 4. The Quantity of Blood, and its distribution in
THE Body.

The total quantity of blood present in an animal body is esti-

mated in the following way. As much blood as possible is allowed
to escape from the vessels; this is measured directly. The vessels

are then washed out with water or normal saline solution, and the
washings carefully collected, mixed and measured. A known quantity
of blood is diluted with water or normal saline solution until it

possesses the same tint as a measured specimen of the washings.
This gives the amount of blood (or rather of haemoglobin) in the
measured specimen, from which the total quantity in the whole
washings is calculated. Lastly, the whole body is carefully minced
and washed free from blood. The washings are collected and filtered,

1 See Chapter on Changes of Blood in Eespiration.
^ Die Blut-Krystall c. ^ CI'. Liebtrmaun, Pfliigor's Archiv. si. p. 181.
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and the amount of blood in them estimated as before by comparison
with a specimen of diluted blood. The quantity of blood in the

two washings, together with the escaped blood, gives the total quantit}^

of blood in the body. Estimated in this way, the total quantity of

blood in the human body may be said to be about j^oth of the

body-weight.

There are several sources of error in the above method. One is that

venous blood has less colourixig power than arterial blood. This has been
met by Gscheidlen by poisonmg the animal with carbonic oxide, by which
all the haemoglobin is reduced to one state, and therefore has throughout the

same colouring power. The quantity of hsemoglobin in the muscular fibie

itself is a source of error, but probably a very slight one. The difficulty of

getting a clear infusion of the minced tissues is more serious. According to

Ranke' the total blood in the body of a rabbit amounts to y^ of the body-
weight, in a dog to -—5, in a cat to ^, in a frog to ^,

The blood^ is distributed as follows in round numbers:

—

About one-fourth in the heart, lungs, large arteries and veins,

„ „ „ „ skeletal muscles,

„ „ „ „ other organs.

Since in the heart and great blood-vessels the blood is simply in

transit, without undergoing any great changes (and in the lungs, as

far as we know, the changes are limited to respiratory changes), it

follows that the changes which take place in passing through the
liver and skeletal muscles far exceed those which take place in the
rest of the body.

Ranke found the distribution to be as follows.

In the Yiscera.

Per cent, of Per cent, of

Total Blood. Organ Weight.

fLiving. 63-4 18-0

JDeadandElgid. 61-23 20-6

59-0 24-0

Rabbit.

Doff.

In the Carcase.

Per cent, of Per cent, of

Total Blood. Organ Weight.
36-6 2-7

38-77 2-7

41-0 3-4

In the various organs of the rabbit,

Per cent, of Total Blood.

Spleen . . .

Brain and Cord
Kidneys .

Skin . . .

Intestines .

Bones &c. ,

Heart, Lungs, Great
Blood-vessels

Skeletal Muscles
Liver , . .-

•23

1-24

1-63

2-10

6-30

8-24

Per cent, of Organ Weight.

22-76

29-20

29-30

1 Blut-vertlieilung , 1S71.

SHn ....



CHAPTEK 11.

THE CONTRACTILE TISSUES.

The tissues of the body eminently endowed with contractility, the

tissues whose primary reason of existence lies in their contractility,

are the ordinary striated muscles, the cardiac muscles, the plain un^^

striated muscles, the ciliated cells, spermatozoa and the migrating cells.

Of these the striated muscles, on account of the more complete de-

velopment of their functions, are better studied first; the others, on
account of their very simplicity, are in many respects less satisfac-

torily understood.

All the ordinary striated muscles are connected with nerves. We
have no reason for thinking that their contractility is called into play,

under normal conditions, otherwise than by the agency of nerves.

Indeed a nerve-fibre may in part be regarded as a continuation of

the muscular fibre with which it is connected by an end-plate. In

Hydra the muscular fibre is but an eminently contractile process of

an ectoderm cell, in Beroe the muscle-fibre thins out into a nerve-

fibre which serves as a means of communication between the iso-

lated contractile process, now an independent muscle-fibre, and the

body of the ectoderm cell. Both nerve, and, as will be hereafter

shewn, muscle are irritable; but the muscle only is contractile. A
stimulus applied to a nerve sets up disturbances which are propa-

gated on to the muscle; but it is only the muscle in which the dis-

turbances manifest [themselves by a contraction. Neither striated

muscle nor nerve-fibres distributed to muscles possess any distinct

automatism. Spontaneous disturbances in either are at least rare if

they occur at all. The two being thus so closely allied and in many
points so similar, it will conduce to clearness and brevity if we treat

them together.

Sec. 1. The Chemical Substances composing or present in

Muscle.

In a muscle from the vessels of which the blood has been care-

fully washed, by the injection of dilute saline solution, there will still

be left a quantity of lymph surrounding the elementary fibres. The
quantity however is under ordinary circumstariceS so small that it

may be practically neglected.
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If a dead muscle, from which all fat, tendon, fascia, and con-

nective tissue have been as much as possible removed, and which has
been freed from blood by the injection of saline solution, be minced
and repeatedly washed with water, the washings will contain certain

forms of albumin and certain extractive bodies, of which we shall

speak directly. When the washing has been continued until the
wash-water gives no proteid reaction, a large portion of muscle will

still remain undissolved. If this be treated with a 10 p. c. solution

of sodium chloride, a large portion of it will become imperfectly dis-

solved into a viscid fluid which filters with difficulty. If the viscid

filtrate be allowed to fall drop by drop into a large quantity of

distilled water, a white flocculent matter will be precipitated. This

flocculent precipitate is myosin. It is a proteid, giving the ordinary

proteid reactions, and having the same general elementary composi-
tion as other proteids. It is soluble in dilute saline solutions, espe-

cially those of sodium chloride, and may be classed in the globulin

family, though it is not so soluble as fibrinoplastic globulin. Dis-
solved in saline solutions it readily coagulates when heated, is pre-

cipitated and after long action coagulated by alcohol, and is pre-

cipitated by an excess of the sodium chloride. By the action of

dilute acids it is very readily converted into syntonin or acid-albumin,

by the action of dilute alkalis into alkali-albumin. Speaking
generally it may be said to be intermediate between fibrin and
globulin. On keeping, and especially on drying, its solubility is much
diminished.

Of the substances which are left in muscle from which the

myosin has thus been extracted by sodium chloride solution little

is known. If washed muscle be treated directly with dilute hydro-
chloric acid, the greater part of the material of the muscle passes at

once into syntonin. The quantity of syntonin thus obtained may be
taken as representing the quantity of myosin previously existing in

the muscle. The portion insoluble in dilute hydrochloric acid con-

sists partly of the substance of the sarcolemma, of the nuclei, and
of the tissue between the bundles and partly of elements (? sarcous

elements, muscle-rods) of the fibres themselves.

If living' contractile frog's muscle, freed as before as much as

possible from blood, be frozen \ and while frozen, minced, and rubbed
up in a mortar with four times its weight of snow containing 1 p. c.

of sodium chloride, a mixture is obtained which at a temperature

below C. is sufficiently fluid to be filtered, though with difficulty.

The slightly opalescent filtrate, or muscle-plasTna as it is called, is at

first quite fluid, but will, when exposed to the ordinary temperature

become a solid jelly, and afterwards separate into a clot and serum.

It will in fact coagulate like blood-plasma, with this difference, that

the clot is not firm and fibrillar, but loose, granular and flocculent.

^ Since, as we sliall presently see, a miiscle may be frozen and thawed again -witliout

losing any of its vital powers, we are at liberty to regard the frozen muscle as a still

living muscle.

F.P. 3
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During the coagulation the fluid, which before was neutral or slightly

alkaline, becomes distinctly acid.

The clot is myosin. It gives all the reactions of myosin obtained

from dead muscle.

The serum contains albumin and extractives.

Besides ordinary serum-albumin coagulating at 75", Kuhne' (to whom
we owe our knowledge of the above) found a peculiar form coagulating at

45", its appearance being probably connected with the salts present in the

serum, (see Appendix) ; alkali-albumin is also present, as is probably also a

small quantity of globulin. Such muscles as are red also contain a small

quantity of hemoglobin, to which indeed their redness is due.

Thus while dead muscle contains myosin, serum-albumin, and

extractives with certain insoluble matters and certain gelatinous

elements not referable to the muscle-substance itself, living muscle

contains no myosin, but some substance or substances which bear

somewhat the same relation to myosin that fibrinogen and fibrino-

plastin do to fibrin, and which become myosin on the death of the

muscle.

Fats are present in considerable quantities, and the extractives

are varied and numerous. The most important are kreatin, sarco-

lactic or paralactic acid (a variety of lactic acid, differing from it

chiefly in the solubility of its salts, and in the amount of water of

crystallization contained in them), and sugar. To these may be added

xanthin, hypoxanthin, (sarkin) inosit, (especially in the cardiac

muscles), inosinic acid and traces of uric acid. Except in patho-

logical conditions (and in the plagiostome fishes) urea is conspicuous

by its absence. In living muscle glycogen is frequently present, and

is at the death of the muscle transformed into sugar. Dextrin has

also been found; and a special fermentable muscle-sugar has been

described. It has been much debated whether kreatin or kreatinin,

or both, are present in muscle; the evidence goes to shew that

kreatin alone is present.

; The ashes of muscle, like those of the red corpuscles, are cha-

racterized by the preponderance of potassium salts and of phosphates

;

these form in fact nearly 80 p.c. of the whole ash.

The general composition of human muscle is shewn in the follow-

ing table of V. Bibra,

Water ... 7445
Solids

Myosin and other matters, elastic ele-

ments, &c., insoluble in water ... 155'4

Soluble albumin ... ... ... 19'3

Gelatin 207
Extractives ... ... ... ... 371
Fats 230

255-5

Frotoplasma, Lieipzig, 1864.
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Sec. 2. The Phenomena of Muscle and Nerve.

If the trunk of a nerve be pinched, or subjected to sudden heat,

or dipped in certain chemical substances, or acted upon by various

galvanic currents, movements or contractions are seen in the muscles
to which branches of the nerve are distributed. The substances qx
agents which thus cause contractions are called ' stimuli.'

The stimuli may be applied directly to the muscle. The muscle
itself may be pinched, or subjected to galvanic currents, &c. ; in this

case also contractions are produced. It might be supposed that the
contractions so produced are in reality due to the fact that, although
the stimulus is apparently applied directly to the muscle, it is, after

all, the fine nerve-branches, so abundant in the muscle, which are

actually stimulated. The following facts however go far to prove
that the muscular fibres themselves are capable of being directly

stimulated without the intervention of any nerves. When a frog

(or other animal) is poisoned with' urari, the nerves may be sub-
jected to the strongest stimuli without causing any contractions in

the muscles to which they are distributed : yet even ordinary stimuli

applied directly to the muscle readily cause contractions. If before

introducing the urari into the system, a ligature be passed under-
neath the sciatic nerve in one leg, for instance the right, and drawn
tightly round the whole leg to the exclusion of the nerve, it is

evident that the urari, when injected into the back of the animal,

will gain access to the right sciatic nerve above the ligature, but
not below, while it will have free access to the whole left sciatic. If,

as soon as the urari has taken effect, the two sciatic nerves be
stimulated, no movement of the left leg will be produced by stimu-
lating the left sciatic, whereas strong contractions of the muscles of

the right leg below the ligature will follow stimulation of the right

sciatic, whether the nerve be stimulated above or below the ligature.

Now since the upper parts of both sciatics are equally exposed to

the action of the poison, it is clear that the failure of the left nerve
to cause contraction is not attributable to any change having taken
place in the upper portion of the nerve, else why should not the
right, which has in its upper portion been equally exposed to the

action of the poison, also fail ? Evidently the poison acts on some
parts of the nerve lower down. If a single muscle be removed from
the circulation (by ligaturing its blood-vessels), previous to the

poisoning with urari, that muscle will contract when any part of the
nerve going to it is stimulated, though no other muscle in the body
will contract when its nerve is stimulated. Here the whole nerve
right down to the muscle has been exposed to the action of the

poison ; and yet it has lost none of its power over the muscle. On
the other hand, if the muscle be allowed to remain in the body, and
so be exposed to the action of the poison, but the nerve be cut out
high up and gently removed from the body, except where it is

3—2
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attached to the muscle, so as to be taken away from the influence of

the poison, stimulation of the nerve produces no contractions in the

muscle, though stimuli applied directly to the muscle at once cause

it to contract. From these facts it is clear that urari poisons the

ends of the nerve within the muscle long before it affects the trunk,

and it is exceedingly probable that it is the very extreme ends of the

nerves (possibly the end plates, though we have no definite proof of

this), which are affected. The phenomena of urari poisoning there-

fore go far to prove that muscles are capable of being made to

contract by stimuli applied directly to the muscular fibres them-

selves ; and there are other facts which support this view.

This question of 'independent tnuscular irritability'^ was once thought to

be of importance. In old times, the swelling of a muscle during contraction

was held to be caused by the animal spirits descending into it along the

nerves ; and when the doctrine of 'spirits' was given up, it was still taught

that the vital activity of the muscle was something bestowed upon it by the

action of the nerve, and not properly belonging to itself. We owe to

Haller the establishment of the truth, that the contraction of a mtiscle

is a manifestation of the muscle's own energy, excited it may be by nervous

action, but not caused by it. Haller spoke of the muscle as possessing

a vis insita, while he called the nervous action, which excites contraction,

the vis nervosa. He used the word irritability as almost synonymous with

contractility, a meaning which is still adopted by many authors. In this

work we have used it in the wider sense, first employed by Glisson, which

includes other manifestations of energy than the change of form which

constitutes a contraction. Since Haller^s time, the question whether

muscles possess an independent irritability has shifted its ground ; it now
means, not whether muscles are irritable or no,, but simply whether their

irritability can be called into action in other ways than by the mediation

of nerves. In addition to the urari argument just described, we may state

that portions of muscular fibres, entirely destitute of nerves, such as the

lower end of the sartorius of the frog, may be stimulated directly, with

conti'actions as a result ; that the chemical substances which act as stimuli

when applied directly to muscles, differ somewhat from those which act as

stimuli to nerves, and lastly, that a portion of muscle-fibre quite free from

nerves may be seen under the microsco]ie to contract. In the succeeding

portions of this work abundant evidence will be aH'orded that the activity

of contractile protoplasm is in no way essentially dependent on the presence

of nervous elements.

The Fhenomena of a simple Muscular Contraction.

If the far end of the nerve of a muscle-nerve preparation (the

gastrocnemius for instance of the frog with the attached sciatic nerve

dissected out), Figs. 1 and 2, be laid on the electrodes of an induction-

machine, the passage of a single induction-shock (either making or

breaking) will produce no visible change in the nerve, but the muscle

will give a short sharp contraction, i.e. will for an instant shorten

itself, becoming thicker the while, and then return to its previous
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Fig. 1. DiAGEAJt illustrating Apparatus arranged foe Experiments TnTH Muscle
AND Nekve.

A. The moist eliamber containing tlie muscle-nerve preparation. (Tlie muscle-nerve

and electrode-holder are shewn on a larger scale in Fig. 2.) The muscle m,

supported by the clamp cl, which firmly grasps the end of the femur /, is con-

nected by means of the S hook s, and a thread with the lever I, placed below the

moist chamber. The nerve n, with the portion of the spinal column n' still

attached to it, is placed on the electrode-holder el, in contact with the wires x, y.

The whole of the interior of the glass case gl is kept saturated with moisture, and

the electrode-holder is so constructed that a piece of moistened blotting paper may
be placed on it without coming into contact with the nerve.

B. The revolving cylinder bearing the smoked paper on which the lever writes.

A figm-e of the cylinder from a different point of view is shewn in Fig. 39.

C. Du Bois-Eeymond's key arranged for short circuiting. The wires x and y of the

electrode-holder are connected through binding screws in the floor of the moist

chamber with the wires x', y , and these are secured in the key, one on either side.

To the same key are attached the wires x", y" coming from the secondary coil s. c,

of the induction-machine D. This secondaiy coil can be made to shde up and
down over the primary coil pr. c, with which are connected the two wires x'" and
y'". x'" is connected directly with one pole, for instance the copper pole c. p, of

the battery JE. y'" is carried to a binding screw a of the Morse key F, and is

continued as y^^ from another binding screw h of the key to the zinc pole z. p,

of the battery.

Supposing everything to be arranged, and the battery charged, on depressing the

handle h a, of the Morse key F, a current will be made in the primary coil pr. c,

passing from c. p, through x"' to pr. c, and thence through y'" to a, thence to b,

and so through y^^ to z. p. On removing the finger from the handle of F, a spring

thrusts up the handle, and primary circuit is in consequence immediately broken.

At the instant that the primary current is either made or broken, an induced
ciu-rent is for the instant developed in the secondary coil s. c. If the cross bar h in

the Du Bois-Reymond's key be raised (as shewn in the thick line in the figure), the

wires x", x', x, the nerve between the electrodes and the wires y, y', y" form the

complete secondary circuit, and the nerve consequently experiences a making or

breaking induction-shock whenever the primary current is made or broken. If the

cross bar of the Du Bois-Eeymond key be shut down, as in the dotted line li' in the

figure, the resistance of the cross bar is so slight compared with that of the nerve

and of the wires going from the key to the nerve, that the whole secondary (induced)

current passes from x" to y" (or from y" to x") along the cross bar, and none passes

into the nerve. The nerve being thus short circuited, is not affected by any changes in

the current.

Fig. 2. The muscle-nerve preparation of Fig. 1, with the clamp, electrodes, and
electrode-holder are here shewn on a larger scale. The letters as in Fig. 1. The
form of electrode-holder figured is a convenient one for general purposes, but
many other forms ai"e in uss.
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condition. If one end of the muscle be attached to a lever, while
the other is fixed, the lever will by its movement indicate the extent
and duration of the shortening-. If the point of the lever be brought
to bear on some rapidly travelling surface, on which it leaves a mark
(being for this purpose armed with a pen and ink if the surface be
plain paper, or with a bristle or needle if the surface be smoked glass

or paper), so long as the muscle remains at rest the lever will describe
an even line. When, however, a contraction takes place, as when a
single induction-shock is sent through the nerve, some such curve as

that shewn in Fig. 3 will be described, the lever rising with the

Fig. 3, A Muscle-curve obtained by means of the Pendulum Myograph.
(To be read from left to right.)

a indicates the moment at which the induction-shock is sent into the nerve, h the
commencement, c the maximum, and d the close of the contraction. The two
smaller curves succeeding the larger one are due to oscillations of the lever.

Below the muscle-curve is the curve drawn by a tuning fork making 180 double
vibrations a second, each complete curve representing therefore -^^ of a second.
It will be observed that the plate of the myograph was travelling more rapidly
towards the close than at the beginning of the contraction, as shewn by the greater
length of the vibration-curves.

shortening of the muscle, and descending as the muscle returns to

its natural length. This is known as the 'muscle-curve.' In order

to make the 'muscle-curve' complete, it is necessary to mark on the
recording surface the exact time at which the induction-shock is

sent into the nerve, and also to note the speed at which the recording

surface is travelling. These points are best effected by means of

the pendulum myograph, Fig. 4.

In this instrument a smoked glass plate, on which a lever wi-ites, swings
with a pendulum. The pendukim with the glass plate attached being raised

up, is suddenly let go. It swings of course to the opposite side, the glass

plate travels through an arc of a circle, and, the lever being stationary, the

point of the lever describes an arc on the glass plate. The rate at which
the glass plate travels, i.e. the time it takes for the lever-point to describe

a line of a given length on the glass plate may be calculated from the length

of the pendulum, but it is simpler and easier to place a vibrating tuning-

fork immediately under the point of the lever. If the vibrations of the

tuning-fork are known, then the number of vibrations which are marked
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Fig. 4. The Pendulum Myograph.
The figure is diagrammatic, the essentials only of the instrument heing shewn. The

smoked glass plate A swings on the "seconds" pendulum B by means of carefully
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adjusted bearings at C. The contrivances by which the glass plate can be removed
and replaced at pleasure are not shewn. A second glass plate so arranged that the
first glass plate may be moved up and down without altering the smng of the
pendulum is also omitted. Before commencing an experiment the pendulum is raised

up (in the figure to the right), and is kept in that position by the tooth a catching on
the spring-catch 5. On depressing the catch b the glass plate is set free, swings into

the new position iudicated by the dotted lines, and is held in that position by the tooth
a' catching on the catch V. In the course of its swing the tooth a' coming into

contact with the projecting steel rod c, knocks it on one side into the position indi-

cated by the dotted line c'. The rod c is in electric continuity with the wire x of the
primary coil of an induction-machine. The screw d is in similarly electric continuity

with the wire y of the same primary coil. The screw d and the rod c are armed with
platinum at the points in which they are in contact, and both are insulated by means
of the ebonite block e. As long as c and d are in contact the circuit of the primary
coil to which x and y belong is closed. "When in its swing the tooth a' knocks c away
from d, at that instant the circuit is broken, and a ' breaking ' shock is sent through the
electrodes connected with the secondary coil of the machine, and so through the nerve.

The lever I, the end only of which is shewn in the figure, is brought to bear on the glass

plate, and when at rest describes a straight line, or more exactly an arc of a circle of

large radius. The tuning-fork /, the ends only of the two limbs of which are shewn in
the figure placed immediately below the lever, serves to mai'k the time.

on the plate between any two points on the line described by the lever gives

the time taken by the lever in passing from one point to the other.

An easy arrangement permits the exact time at which the shock is seut

through the nerve to be mai'ked on the line of the leA^er. To avoid too

many markings on the plate the pendulum after describing an arc is caught
by a spring catch on the opposite side.

A complete muscle-curve, such as that shewn in Fig. 3, teaches us

the following facts

:

1. That althougli the passage of the induced current from
electrode to electrode is practically instantaneous, its effect, measured
from the entrance of the shock into the nerve to the return of the

muscle to its natural length after the shortening, takes au appreciable

time. In the figure, the whole contraction from a to c^ takes up the

same time as eighteen double vibrations of the tuning-fork. Since

each double vibration represents j^ of a second, the duration of the

whole contraction figured was -^^ sec.

2. In the first portion of this period, from a to h, there is no
visible change, no shortening of the muscle, no raising of the lever.

3. It is not until 6, that is to say after the lapse of -^ i.e. about

^ sec, that the shortening begins. The shortening as shewn by the

curve is at first slow, but soon becomes more rapid, and then

slackens again until it reaches a maximum at c; the whole short-

ening occupying about -^^ sec.

4. Arrived at the maximum of shortening, the muscle at once

begins to relax, the lever descending at first slowly, then very

rapidly, and at last more slowly again, until at d the muscle has

regained its natural length; the whole retui'n from the maximum
of contraction to the natural length occupying j^r-^, i. e. about -^^ sec.
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Thus a simple muscular contraction, a simple spasm as it is some-
times called, produced by a momentary stimulus, such as an in-

stantaneous induction-shock, consists of three main phases.

1. A phase antecedent to any visible alteration in the muscle.
This phase, during which invisible preparatory changes are taking
place in the nerve and muscle, is often called the 'latent period.'

2. A phase of shortening or contraction.

3. A phase of relaxation or return to the original length.

In the case we are considering, the electrodes are supposed to be
applied to the nerve at some distance from the muscle. Consequently
the latent period of the curve comprises not only the preparatory ac-

tions going on in the muscle itself, but also the changes necessary to

conduct the immediate effect of the induction-shock from the part of

the nerve between the electrodes, alonor a considerable length of nerve
down to the muscle. It is obvious that these latter changes might
be eliminated by placing the electrodes on the muscle itself or on
the nerve close to the muscle. If this were done, the muscle and
lever being exactly as before, and care were taken that the induction-

shock entered into the nerve at the new spot, at the moment when
the point of the lever had reached exactly the same point of the

travelling surface as before, a curve like that shewn by the plain

line in Fig. 5 would be gained. It resembles the first curve (indi-

cated in the figure by a dotted line) in all points, except that the

Fig. 5. Cukves illustrating the measurement of the Velocity op a Neevous
Impulse. (Diagrammatic.) To be read from left to right.

The same muscle-nerve preparation is stimulated (1) as far as possible from the
muscle, (2) as near as possible to the muscle ; both contractions are registered by the
pendulum myographion exactly in the same way.

In (1) the stimulus enters the nerve at the time indicated by the line a, the con-
traction, shewn by the dotted line, begins at 6'; the whole latent period therefore is

indicated by the distance from a to b'.

In (2) the stimulus enters the nerve at exactly the same time a ; the contraction,
shewn by the unbroken line, begins at b ; the latent period therefore is indicated by the
distance between a and h.

The time taken up by the nervous impulse in passing along the length of nerve
between 1 and 2 is therefore indicated by the distance between b and b', which may be
measured by the tuning-fork curve below. N.B. No value is given in the figure for
the vibrations of the tuning-fork, since the figure is diagrammatic, the distance be-
tween the two curves, as compared with the length of either, having been purposely
exaggerated for the sake of simplicity.
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latent period is shortened ; the contraction begins rather earlier.

From this we learn two facts.

1. The greater part of the latent period is taken up by changes
in the muscle itself, preparatory to the actual visible shortening, for

the two latent periods do not differ much. Of course, even in the

second case, the latent period includes the changes going on in the
short piece of nerve still lying between the electrodes and the mus-
cular fibres. To eliminate this with a view of determining the latent

period in the muscle itself, the electrodes should be placed directly

on the muscle poisoned with urari. If this were done, it would
still be found that the latent period was chiefly taken up by changes
in the muscular as distinguished from the nervous elements.

2. Such difference as does exist indicates the time taken up by
the propagation, along the piece of nerve, of the changes set up at

the far end of the nerve by the induction-shock. These changes we
shall hereafter speak of, as constituting a nervous impulse; and the

above experiment shews that it takes some appreciable time for a
nervous impulse to travel along a nerve. In the figure the difference

between the two latent periods, the distance between 6 and h', seems
almost too small to measure accurately; but if a long piece of nerve

be used for the experiment, and the recording surface be made to

travel very fast, the difference between the duration of the latent

period when the induction-shock is sent in at a point close to the

muscle, and that when it is sent in at a point as far away as possible

from the muscle, may be satisfactorily measured in fractions of a
second. If the length of nerve between the two points be accurately

measured, the rate at which a nervous impulse travels along the

nerve to a muscle can be easily calculated. This has been found
to be in the frog about 28, and in man about 33 metres per second.

Thus when a momentary stimulus, such as a single induction-

shock, is sent into a nerve connected with a muscle, the following

events take place.

1. The creation at the spot stimulated of a nervous impulse, and
the propagation of the impulse along the nerve to the muscle. The
time taken up by this varies according to the length of the nerve.

For the same length of nerve it is tolerably constant.

2. The setting up of certain molecular changes in the muscle,

unaccompanied by any visible alteration in its form, constituting the

latent period, and occupying on an average about y^o^h sec. The
time taken up by the latent period varies somewhat according to

circumstances.

3. The shortening of the muscle up to a maximum, occupying
about jf^ sec.

4. The return of a muscle to its former length, occupying about



44 TETANUS. [Book i.

j^Q sec. Both these last events vary much in duration according to

circumstances \

Tetanic Contractions.

If a single induction-shock be followed at a sufficiently short in-

terval by a second shock of the same strength, the first simple con-

traction or spasm will be followed by a second spasm, the two bearing

some such relation to each other as that shewn by the curve in

Fig. 6, where the interval between the two shocks was just long

Fig. 6. Tbacing of a Double Muscle Curve. To be read from left to right.

While the muscle was engaged in the first contraction (whose complete course, had
nothing intervened, is indicated by the dotted line), a second induction-shock was
thrown in, at such a time that the second contraction began just as the first was
beginning to decline. The second curve is seen to start from the first as does the first

from the base-line.

enough to allow the first spasm to have passed its maximum before

the latent period of the second was over. It will be observed that

the second curve is almost in all respects like the first except

that it starts, so to speak, from the first curve instead of from the

base-line. The second nervous impulse has acted on the already

contracted muscle, and made it contract again just as it would have

done if there had been no first impulse and the muscle had been at

rest. The two contractions are added together and the lever raised

nearly double the height it would have been by either alone. A
more or less similar result would occur if the second contraction

began at any other phase of the first. The combined effect is, of

course, greatest when the second contraction begins at the maximum
of the first, being less both before and afterwards. If in the same
way a third shock follows the second at a sufficiently short interval, a

third curve is piled on the top of the second. The same with a

fourth, and so on.

When however repeated shocks are given it is found that the height

of each contraction is rather less than the preceding one, and this

diminution becomes more marked the greater the number of shocks.

Hence after a certain number of shocks, the succeeding impulses do

1 The measurements hero stated are those ordinarily given. The curve described

in the previous text happened to have a rather long latent period, and the lengthening

to be of shorter instead of longer dui-ation than the shortening.
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not cause any further shortening of the muscle, any further raising of

the lever, but merely keep up the contraction already existing. The
curve thus reaches a maximum which it maintains, subject to the
depressing effects of exhaustion, as long as the shocks are repeated.

When these cease to be given, the muscle returns, in the usual way,
at first very rapidly, and then more slowiy, to its natural length.

When the shocks do not succeed each other too rapidly, the indi-

vidual contractions may readily be traced along the whole curve, as

is seen in Fig. 7, where the primary current of the induction-machine

Fig. 7. Muscle thrown into Tetanus, when the pmmaey current of an Induction-
machine IS REPEATEDLY BROKEN AT INTERVALS OF SIXTEEN IN A SECOND.

To be read from left to right.

The upper line is that described by the muscle. The lower marks time, the
intervals between the elevations indicating seconds. The intermediate line shews when
the shocks were sent in, each mark on it corresponding to a shock. The lever, which
describes a straight line before the shocks are allowed to fall into the nerve, rises almost
vertically (the recording surface travelling in this ease slowly) as soon as the first

shock enters the nerve at a. Having risen to a certain height, it begins to fall again,

but in its fall is raised once more by the second shock, and that to a greater height
than before. The third and succeeding shocks have similar effects, the muscle
continuing to become shorter, though the shortening at each shock is less. After a
while the increase in the total shortening of the muscle, though the individual con-
tractions are still visible, almost ceases. At 6, the shocks cease to be sent into the
nerve; the contractions almost immediately disappear, and the lever forthwith com-
mences to descend. The muscle being lightly loaded, the descent is very gradual; the
muscle had not regained its natural length when the tracing was stopped.

was repeatedly broken at intervals of sixteen in a second. When the

shocks succeed each other more rapidly, the individual contractions,

visible at first,may become fused together and lost to view as the tetanus

continues and the muscle becomes tired. When the shocks succeed

each other still more rapidly (the second contraction beginning in the

ascending portion of the first), it becomes difficult or impossible to trace

out the single contractions. The curve then described by the lever is

of the kind shewn in Fig. 8, where the primary current of an induction-

machine was rapidly made and broken by the magnetic interruptor,
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Fig. 8. Tetanus peoduced with the obdinabt Magnetic Intereuptor op an Induc-

tion-machine. (Recording surface travelling slowly.) To be read from left to right.

The interrupted current being thrown in at a the lever rises rapidly, but at h the

muscle reaches the maximum of contraction. This is continued till c, when the current

is shut off and relaxation commences.

Fig. 9. The lever, it will be observed, rises at a after the latent period

(which is not marked), first rapidly, and then more slowly, in an appa-

rently unbroken line to a maximum at about h, maintains the maxi-

mum, subject to the effects of exhaustion, so long as the shocks con-

tinue to be given, and when these cease to be given, as at c, gradually

descends to the base-line. This condition of muscle, brought about

by rapidly repeated shocks, this fusion of a number of simple

spasms into an apparently smooth, continuous effort, is known as

tetanus, or tetanic contraction. The above facts are most clearly shewn
when induction-shocks, or at least galvanic currents in some form or

other, are employed. They are seen, however, whatever be the form

of stimulus employed. Thus in the case of mechanical stimuli, a

single blow given to a nerve may cause a single spasm, repeated

blows (if frequent enough) a tetanus. With chemical stimulation,

as when a nerve is dipped in acid, it is impossible to secure a

momentary application ; hence tetanus, generally irregular in cha-

racter, is the normal result of this mode of stimulation. In the

living body, the contractions of the striated muscles, brought about

either by the will or by reflex action, are generally tetanic in

character. Even very short sharp movements, such as a sudden
jerk of the limbs, are in reality examples of tetanus of short duration.

Such being the general visible characters of muscular contrac-

tions, we may now attack the questions : What changes in a nerve

constitute a nervous impulse ? What changes in a muscle constitute

a muscular contraction ?

Changes in a Nerve during the passage of a nervous impulse.

These are of the same nature during the passage of either a single

impulse leading to a simple muscular spasm, or repeated impulses

leading to tetanus, the latter being merely an accumulation of the

former.

1. There are no visible events.
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Fig. 9. The Magnetic Inteeeuptoe. •

The .figure is introduced to illustrate the action of this instrument as commonly
used by physiologists.

The two wires x and y from the battery are connected with the two brass pillars

a and d by means of screws. Directly contact is thus made the current, indicated in

the figure by the thick interrupted line, passes in the direction of the arrows, up the

pillar a, along the steel spring h, as far as the screw c, the point of which, armed with
platinum, is in contact with a small platinum plate on 6. The cijrrent passes from b

through c and a conecting wire into the primary coil p. Upon its entering into the
primary coil, an induced (making) current is for the instant developed in the secondary
coil (not shewn in the figure). From the primary coil p the current passes, by a

connecting wire, through the double spiral, m, and, did nothing happen, would con-

tinue to pass from m by a connecting wire to the pillar d, and so by the wire y to the

battery. The whole of this course is indicated by the thick interrupted line with its

arrows.

As the current however passes through the spirals m, the iron cores of these are

made magnetic. They in consequence draw down the iron bar e, fixed at the end of

the spring h, the flexibility of the spring allowing this. But when e is drawn down,
the platinum plate on the upper surface of b is also drawn away from the screw c, and
a similar platinum plate on the under surface of b is brought into contact with the
platinum armed point of the screw /, the screws being so arranged that this takes

place. In consequence of this change the current can no longer pass from h to c. On
the contrary, it passes from b to f, and so down the pillar d, in the direction indicated

by the thin interrupted line, and out to the battery by the wire y. Thus the current
is "short-circuited" from the primary coil; and the instant that the current is

thus cut off from the primary coil, an induced (breaking) current is for the moment
developed in the secondary coU. But the current is cut off not only from the primary
coil, but also from the spirals m ; in consequence their cores cease to be magnetized,
the bar e ceases to be attracted by them, and the spring 5, by virtue of its elasticity,

resumes its former position in contact with the screw c. This return of the spring

however re-establishes the current in the primary coil, and in the spirals, and the
spring is drawn down, to be released once more in the same manner as before. Thus
as long as the current is passing along x, the contact of b is constantly alternating be-

tween c and/, and the current is constantly passing into and being shut off from j9, the
periods of alternation being determined by the periods of vibration of the spring b.

With each passage of the current into, or withdrawal from the primary coil, an
induced (making and, respectively, breaking) shock is developed in the secondary coil.
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2. No chemical changes have been satisfactorily made out.

3. No change in temperature or in the general physical conditions

of the nerve have been satisfactorily observed.

4. The only distinctly appreciable change is an electric one.

Natural nerve-currents. If a piece of living nerve be placed on

a pair of non-polarisable^ electrodes, connected with a sensitive gal-

vanometer containing many convolutions, deflections of the galvano-

meter-needle indicate the existence of currents which vary according^

to the position of the electrodes. The greatest deflection is observed

when one electrode is placed at the mid-point or equator''' of the piece

of nerve, and the other at either cut end ; and the deflection is of

such a kind as to shew that positive currents are continually passing

from the mid-point through the galvanometer to the cut end, that is

to say, the cut end is negative relatively to the mid-point. The currents

outside the nerve may be considered as completed by currents in the

nerve from the cut end to the mid-point. Thus in the diagram Fig. 11,

the arrows indicate the direction of the currents. If the one electrode

be placed at the equator a b, the effect is the same at whichever

1 These (Fig. 10) consist essentially of a slip of thoroughly amalgamated zinc dip-

ping into a saturated solution of zinc sulphate, which in turn is brought into connection

Fig. 10. KoN-PoLAEiSABLE Electeodes.

a, the glass tube ; z, the amalgamated zinc slips connected with their respective

wires; z, s, the zinc sulphate solution; ch.c, the plug of china clay; c', the portion

of the china-clay plug projecting from the end of the tube ; this can be moulded into

any required form.

with the nerve or muscle by means of a plug or bridge of china-clay moistened with

dilute sodium chloride solution; it is important that the zinc should be thoroughly

amalgamated. This form of electrodes gives rise to less polarisation than do simple

platinum or copper electrodes. The clay affords a connection between the zinc and
the tissue which neither acts on the tissue nor is acted on by the tissue. Contact of

any tissue with copper or jDlatiniim is in itself sufficient to develope a current.
2 The transverse line containing all the mid-points, i.e. points midway between the

two ends of the piece, is called the 'equator.' In the diagram, Fig. 11, the liue ab is

the equator.



Chap, ii.] THE CONTRACTILE TISSUES. 49

Fig. 11. Diagram illusteAting the elegtbic ctfEESitxs op neSte and muscle.

Being purely diagrammatic, it may serve for a piece either of nerve or of muscle,
except that the currents at the transverse section cannot be shewn in a nerve. The
arrows shew the direction of the current through the galvanometer.

ab the equator. The strongest currents are those shewn by the dark Iines> as from a,

at equator, to x or to 1/ at the cut ends. The current from a to c is weaker than
from a to y, though both, as shewn by the arrows, have the same direction. A
current is shewn from e, which is near the equator, to / which is farther from the
equator. The current (in muscle) from a point in the circumference to a point
nearer the centre of the transverse section is shewn at gh. From a to & or frora
X to %j, there is no current, as indicated by the dotted lines.

of the two cut ends x ox y the other is placed. If, one electrode
remainiag at the equator, the other be shifted from the cut end to a
spot c nearer to the equator, the current continues to have the same
direction, but is of less intensity in proportion to the nearness of the
electrodes. If the two electrodes be placed at unequal distances
e and /, one on either side of the equator, there will be a feeble
current from the one nearer the equator to the one farther off, and
the current will be the feebler, the more nearly they are equidistant
from the equator. If they are quite equidistant, as for instance
when one is placed on one cut end x, and the other on the other
cut end y, there will be no current at all. These currents are
spoken of as the natural nerve-currents. They are not transitory,

they do not disappear immediately after they have manifested them-
selves, but on the contrary continue for an indefinite period. They
must therefore be maintained by changes taking place within the
nerve. Hence they depend on the vital (nutritive) condition of the
nerve.

Du Bois-Reymond^ found tlie electromotive force of the sciatic nerve
of a frog to amount to "022 Daniell, while that of the rabbit did not
exceed '026 Daniell. Engelmann^ however obtained for the sciatic of the
fros; a value of '046 Daniell.

1 Gesammelti Abhand. (1877) 11. 232.

F. P.

* Pfliiger'd Archiv, xv, (1877), p. 141.
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Negative variation. When a nerve is stimulated, so that a

nervous impulse passes along it, the natural nerve-current is dimin-

ished ; it undergoes what is called a negative variation. This is not

easily shewn in the case of a simple impulse, but is very evident when
the repeated impulses of tetanus are generated. Thus if in a long

piece of nerve, one electrode be placed at one cut end and the other

at some distance from it, so as to give a well-marked deflection of

the galvanometer, and the other end of the nerve be tetanized with

the induction-machine working with a magnetic interrupter, the

needle of the galvanometer which before the stimulation was de-

flected, say to 60 or 70 divisions of the scale on one side of zero, will

now swing back considerably towards or to zero or even to some
distance on the other side of zero. A similar negative variation is

observed wherever the electrodes be placed, and whatever point be

stimulated. The effect is not due to any escape from the stimulating

current on to the electrodes, for it ceases when the nerve is tied

between the point stimulated and the electrodes, yet the ligature

does not interfere with the physical conduction of a current along

the nerve, though it puts an end to the propagation of vital changes.

Moreover the same negative variation is seen whatever be the mode
of stimulation. It is not confined especially to electrical stimula-

tion, but occurs also when chemical or mechanical stimuli are used.

The negative variation, like the natural current, is a vital phenomenon,
and the intensity of both ebbs and flows with the changing vitality of

the nerve.

According to Bernstein' the deflection of the needle occurring during

the negative variation may on very strong stimulation amount to two
or three times the deflection, due to the natural current.

When we come to study the changes which take place in a muscle

during contraction we shall see that the nerve and muscle of a frog

may be used instead of a galvanometer, by the method known as

' the rheoscopic frogV in which the natural current of one nerve, or

the negative variation of that current, is used as stimulus to another

nerve. And we shall learn from that experiment that when a

nerve is tetanized, its natural current undergoes not a single, but

a series of negative variations, each impulse in fact producing its

own variation, so that repeated stimuli, corresponding in number to

the variations, are thrown into the second nerve, and thus cause a

tetanus in the attached muscle. This fact we cannot learn from the

galvanometer, in which the needle from its inertia cannot follow

rapidly enough the variations of the current, but gives one large swing

which is the accumulation of the smaller swings due to the individual

variations, just as the apparently continuous contraction of a tetanized

muscle is the summation of a number of simple spasms.

The main event then accompanying a nervous impulse of which

1 TJntersuch. u. d. Erregungsvorgang im Nerven- und Muskelsysteme. 1871.
2 See p. 53.
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we are at present cognisant, is the negative variation of the natural

nerve-current. Beyond the terminal effects of a muscular contrac-

tion (in motor nerves and corresponding effects in sensory nerves),

this is the one token we possess whereby we can judge of what is

taking place in a nerve.

By the help of an ingenious apparatiis Bernstein^ has been able to study
the way in which the negative variation passes over any given spot in a
nerve. Suppose a nerve is stimuhited with a single induction-shock at the

point A ; and suppose the points B, £', of the nerve, at some distance from
A, so chosen that they will give a natural nerve-current, are connected with
a galvanometer. If the electrodes of E, B' are permanently connected with
the galvanometer, a negative variation will be observed every time A is

stimulated. But suppose that the points B, E, instead of being permanently
connected with the galvanometer, are only brought into connection with it

for an instant, and that at different small fractions of a second after A is

stimulated; so that for instance on one occasion, the portion of nerve
between E and B' is brought into momentary connection with the galvano-
meter—is, as the telegraph engineers would say, 'tapped,'—at the very
instant A is being stimulated ; and on another occasion, at an interval say

of yijjSec. after A was stimulated, and so on; what should we expect to

happen in reference to the nerve-current between B and E % This Bernstein
investigated. Instead however of simply stimulating A once only on each
occasion, he repeated the stimulation several times a second, bringing B, E'
into momentary connection with the galvanometer at each stimulation.

He thus had under his notice not the slight and probably hardly recog-

nisable effect of a single stimulation, but the cumulative effect of several

stimulations, the nerve being 'tapped' at exactly the same fraction of a
second after the stimulation in each series of stimulations. By varying the

interval in a number of series of stimulations, his apparatus consisting

mainly of a revolving disc with moveable adjuncts, he was able to explore

the condition of the natural current and the amount of negative variation

at E, E during the whole interval between any two successive stimulations

of A. He found that if B were tapped at the same instant that the shock
passed through A, there was no negative variation at all of the natural

current. When E was tapped a very small fraction of a second later a
slight variation was observed, a little later still the variation was found to

be greater, still later it had reached a maximum ; beyond this it began
to decline, and so at last an interval was reached, at which the negative
variation was again wholly absent. It had in fact in this last case passed
over E, before E was tapped. These observations shew that the negative
variation passes over any given spot of the nerve in the form of a wave,
rising rapidly to a maximum and then more gradually declining again.

Bernstein found that it travelled m the nerves of the frog at about the rate

of 28 metres in a second, a rate identical, it will be noted, with that of the

nervous impulse determined in quite other ways. He also found that the
whole wave took -0007 sec. to pass over any given point m a nei've. Con-
sequently the length of the wave was about 18 mm.

Assuming, as we fairly may do, that the negative variation is a satisfac-

tory sign of the whole set of changes which constitute a nervous impulse,

1 Op. cit.

4—2
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we may say tliat a nervous impulse is a molecular disturbance propagated

along the nerve in the form of a wave, of the length, and possessing the

velocity, mentioned above.

The Changes in a Muscle during contraction.

Electrical changes. These deserve to be considered apart from
the rest, because they alone are definitely known to occur in the

latent period. A living muscle exhibits natural muscle-currents

altogether similar to the natural nerve-currents but far more powerful.

The diagram, Fig. 11, applies to muscle as well as to nerve. In a
cylindrical or prismatic muscle with regularly disposed parallel fibres

the equator is positive relatively to either end or to points between
the end and the equator; and points on either side of the equator

are positive or negative the one to the other, according to their

distance from the equator. The muscle-currents are obtained not

only from muscles still retaining their natural tendinous terminations,

but also, and even in a more striking degree, from muscles the ends
of which have been cut off, thus presenting terminal artificial trans-

verse sections instead of the natural tendinous ones. In these, more-
over, it is seen that the circumference of the transverse section is

positive relatively to the centre, as shewn at ^ to ^ in Fig. 11. (In

nerves this is not satisfactorily seen.) Thus, of all the points of a
muscle the centre of either terminal transverse section and any point

on the equator of the muscle are the most negative and positive

relatively to each other. The currents are shewn not only with

artificial transverse sections, but also with artificial longitudinal

sections. In fact, in a mere piece of muscle the same distribution

of currents may be witnessed.

Du Bois-Reymond' finds the electromotive force of the natural current

of a frog's muscle (gracilis or semimembranosus) to amount sometimes to

•08 Daniell. That of the muscle of a rabbit never exceeded "OiO Daniell.

It has been said that the currents in a muscle with artificial transverse

sections are often more marked than those of an intact muscle. In fact,

frequently when a muscle is removed with extreme care from the body,

and the tendinous origins and insertions allowed to remain bathed in their

natural lymph, the currents observed are very feeble indeed or even wholly
absent. On dipping the tendon in acid or water however, strong currents

are at once developed. To explain this Du Bois-Reymond supposes that

the extreme end of the muscle is in the natural condition protected by
a layer of positive elements whose action masks the natural current. lb is

not until this parelectronomic layer, as he calls it, has been removed by the

application of some reagent or by changes taking place in the muscle itself,

that the natural current can manifest itself in its proper strength. Her-
mann, on the other hand, regards tlie absence of currents as the natural

condition of the muscle (or neive). He explains the current obtained with

^ Gesammelte Ahliandl. ii. 212.
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the artificial transverse section as due to the exposed layer of muscular (or

nervous) substance, as it dies or enters into rigor mortis, becoming negative

relatively to the still living substance. Where natural currents are mani-
fested in untouched muscles, the terminal portions of the fibres may be
supposed to be dying in advance of the median portions. Under this view
the negative variation during contraction (of which we shall speak directly)

is of course to be regarded as an independent current generated by the

molecules of the muscular substance becoming negative during the latent

period, the negativity sweeping along the fibre in advance of the con-

traction-wave, Engelmann' has brought forward a strong sujaport of

Hermann's view, by shewing tbat in the heart, unstriated muscles, and
nerves, the current jDroduced by a recently prepared artificial section sinks

in the course of some hours almost to nil, but may be revived to its original

strength by a fresh section slightly in advance of the old one. In the

present state of our knowledge, there are many difficulties in the way of

accepting either one view or the other, and a discussion of the subject

sufficiently exhaustive to be of any value would be beyond the scope of this

work. The reader who wishes to enter more fully into the matter is

referred to the memoirs contained in Du Bois-Reymond, Gesammelte
Abhandlungen, 1875—77, Hermann, Untersuch. zur Physiol, d. Musheln
und Nerven, 1867—68, and numerous papers in Pfiiiger's Archiv.

The currents are in part dependent on the form of the muscle or piece

of muscle. Thus in a rhomb the blunt angles are positive towards the acute

ones, and the natural currents are obscured by currents, the so-called

currents of indinatioii, passing from the latter to the former. Hence the

scheme of natural currents, illustrated by the diagram, Fig. 11, only holds

good for regular muscles, the fibres of which are all parallel, ending in

tolerably rectangular terminations. In an irregular muscle, such as the

gastrocnemiu.s, for instance, in which the currents of inclination are very
pronounced, the diagrammatic representation of the various currents gives a
complicated figure wholly unlike. Fig. 11^^

DuriDg a contraction the natural muscle-current undergoes a

negative variation. Not easily seen in a single spasm, this is exceed-

ingly obvious during tetanus. If a pair of electrodes be placed on a
muscle, one at the equator, and the other at or near the transverse

section, and thus a considerable deflection of the galvanometer be
gained, indicating a considerable natural current, the needle of the

galvanometer will, when the muscle is tetanized by an interrupted

current sent through its nerve (at a point too far from the muscle
to allow an3^ escape of the current into the electrodes connected with
the galvanometer), swing back towards zero; it returns to its original

deflection when the tetanizing current is shut off.

This negative variation may not only be shewn by the galvano-

meter, but it, as well as the natural current, may be used as a galvanic

shock and so employed to stimulate a muscle, as in the experiment
known as ' the rheoscopic frog.' For this purpose sensitive muscles

and nerves in thoroughly good condition are required. Two muscle-

1 Pfiiiger's Archiv, xv. (1877), p. 116, p. 328.
^ Cf. Du Bois-Eeymoijd, op. cit. ii. G3.
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nerve preparations having been made and each placed on a glass

plate for the sake of insulation, the nerve of the one is allowed to

fall on the muscle of the other in such a way that one point of the

nerve comes in contact with the equator of the muscle, and another

point with one end of the muscle or with a point at some distance

from the equator. At the moment the nerve is let fall and contact

made, a current passes through the nerve ; this acts as a stimulus to

the muscle connected with the nerve, and causes contraction in it.

So the muscle A acts as a battery, the completion of the current of

which by means of the nerve of B, serves as a stimulus, causing B
to contract.

If while the nerve of B is still in contact with the muscle of A,
the nerve of the latter is tetanized with an interrupted current, not

only is the muscle of A thrown into tetanus but also that of B ; the

reason being as follows. At each spasm of which the tetanus of J. is

made up, there is a negative variation of the muscle-current of A.
Each negative variation in the muscle of A serves as a stimulus to

the nerve of B, and is hence the cause of a spasm in the muscle of

B; and the stimuli following each other rapidly as they must do
being produced by tetanus of A, the spasms in B to which they give

rise are also fused into a tetanus in B. B in fact contracts in

harmony with A. This experiment shews that the negative variation

accompanying the tetanus of a muscle, though it causes only a single

movement of the galvanometer, is really made up of a series of

negative variations, each single negative variation corresponding to

the single spasms of which the tetanus is made up.

Similar results are arrived at, though less readily, if the nerve of

B, instead of being allowed to fall on the^muscle of J., is placed in

contact with two points of the nerve of ^, so situate as to develope

a current. When the nerve of B is let fall on the two points of the

nerve oi A, so chosen that a nerve-current may be expected to pass

between them, a single spasm, caused by the completion or making
of the circuit of the nerve-current, may sometimes be observed in the

muscle of B. When, the nerve of A is tetanized with an interrupted

current, the muscle of B is thrown into tetanus ; in these cases it is

the natural current (or its variation) of the nerve and not of the

muscle, which acts as a stimulus.

The negative variation falls entirely within the latent period. It is

over and gone before the actual shortening commences. It is in fact

a token of something like a nervous impulse passing over the muscular

fibre as a forerunner of the events which lead to a change of form.

Bernstein' has studied the history of this negative variation in

muscle. He finds that it, like the negative variation in the nerve, travels

in the form of a wave, with a velocity of about 3 metres. It is about -g-g-jj

second in passing over any given point, and therefore has a wave-length of

about 10 mm. Compared with the nerve-wave, therefore, it is much shorter

1 Op. cit.
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and slower. These results were obtained by stimulating directly one end
of a long muscle poisoned with urari in order to eliminate the nerves

(see p. 35). The impulse then travelled away from the end stimulated

along the whole length of the muscle. (When the muscle is stimulated

through a nerve, the impulse starts from the end-plates, often situated in

the middle of a fibre, and proceeds in both directions, up and down. Such
a condition would be most unfavourable for studying the progress of the

impulse.) We learn from this that there passes over the muscle, in the

latent period before any change of form takes place, an .impulse-wave, not
unlike a nervous impulse and yet distinctly differing from it. In its steep-

ness and sluggishness the wave foreshadows the motor changes it is about
to inaugurate.

Contrary to the case of a nerve, Bernstein found that, in a muscle,

when the natural current was obtained by help of an artificial transverse

section, the deflection indicating the negative variation never exceeded the

deflection of the natural current. The effect of the natural current mi2:ht be
reduced to nil, but the needle was never carried, as it might be in a nerve,

a long way the other side of zero.

2. Change of Form. At the close of the latent period the

muscle shortens, that is, each fibre shortens, at first slowly, then
more rapidly, and lastly more slowly again. The shortening (which

in severe tetanus may amount to three-fifths of the length of the

muscle) is accompanied by an almost exactly corresponding thicken-

ing, so that there is hardly any actual change in bulk. If a muscle

be placed horizontally, and a lever laid upon it, the thickening of the

muscle will raise up the lever, and cause it to describe on a

recording surface a curve exactly like that described by a lever

attached to tlie end of the muscle. There appears to be a minute
diminution of bulk not amounting to more than one thousandth.

If a long muscle of parallel fibres, poisoned with urari, so as to eliminate

the action of its nerves, be stimulated at one end, the contraction may be

seen, almost with the naked eye, to start from the end stimulated, and to

travel along the muscle. If two levers be made to rest on, or be suspended

from two points of such a muscle placed horizontally, the points being

at a known distance from each other and from the point stimulated, the

progress of the contraction may be studied. It is found that the con-

traction, like the preceding impulse, passes along the muscle in the form

of the wave, with a velocity in the frog of about 3 or 4 (3-869) metises in a

second ; its duration at any given point varies from '0533 to "0984, and
hence it possesses a wave-length of from 198—380 mm. This statement is

taken from Bernstein \ Hermann^ makes the rate about 3 metres. Aeby
previously had given "8—1'2 metres per sec, and Engelmann l'17m. per

sec. as the velocity. The slowness and the enormous length of this con-

traction-wave place it in strong contrast with the impulse-wave. Seeing that

the extreme limit of the length of a muscular fibre is about 3 to 4 cm., it is

evident that in an ordinary contraction, even when the stimulation begins

at one end, the whole fibre is not only in a state of contraction at the same

1 Op. cit. See also Du Bois-Keymond's ArcMv, 1875, 526.
2 PMger's Archiv, x. (1875), 48.
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time, but almost in tlie same phase of the contraction-wave. Still more is

this the case when, as in ordinary stimulation through a nerve, the con-

traction begins at or near the middle of a fibre in an end-plate, or at two
jDoints (end-plates) of the same fibre at the same time. Nevertheless the

length of the contraction-wave must vary within very wide limits. Thus
in muscles examined under the microscope exceedingly short waves occupy-

ing only a small portion of the length of a fibre are frequently witnessed.

These however may be regarded as the abnormal results of exhaustion and
commencing death,

A ixmscle in the body, or one out of the "body when sufficiently

loaded, returns after the contraction completely to its former length.

Out of the body and unloaded, it generally falls somewhat short of this.

The other changes in muscle are of a kind which cannot be
restricted to any exact period of the whole event, and as a rule are

much more distinctly recognised as the result of tetanus than of a

single spasm.

3, Physical changes other than electricah During a contrac-

tion the temperature of the muscle rises. This may be ascertained

with a thermopile and galvanometer ; a delicate thermometer plunged

into the midst of the muscles of the thigh of a frog, will also

indicate a rise of temperature when these are tetanised. In a frog's

muscle, the rise from a single contraction may, it is stated, reach
'005° C; in tetanus it may amount to "IS" C.

The extensibility of the muscle is increased. Living muscle at

rest is very extensible, and its elasticity is very perfect, i.e. after

extension it returns almost exactly to its natural length.

When a muscle is extended by a series of weights increasing in magni-

tude, the curve (obtained by making the weights abscissae and the exten-

sions ordinates) is not a straight line, as is the case with dead elastic bodies,

but a hyperbola.

If a muscle at rest be loaded with a given weight, say 50
grammes, and its extension observed, and be then while unloaded

thrown into tetanus, and the load applied during the tetanus, the

extension in the second case will be distinctly greater than in the

first, indicating a marked increase of extensibility during contraction.

During tetanus a muscle gives out a sound, the muscular sound.

This may be heard by applying the stethoscope to a muscle during

contraction. It may be also heard by stopping the ears, and causing

the masseter and temporal muscles to contract. When a muscle is

thrown into tetanus by the will or by reflex action or by direct stimu-

lation of the spinal cord, in fact, in any way through the action of

the central nervous system, the same note is always heard, viz. one

indicating 19"5 vibrations per second.

The note actually heard is one indicating 39 (36 to 40) vibrations per

sec. This is, however, an harmonic of the primary note of the whole sound.
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When a muscle is thrown into tetanus by interrupted shocks

applied directly to the nerve or to the muscle, the note is the same
as that of the interrupter determining the number of the shocks.

This is naturally the case, since the note of the muscle-sound is

determined by the rapidity of the spasms or vibrations which go to

make up the tetanus, and these are determined by the rapidity with

which the stimulus is repeated.

4. Chemical Changes. Acid is set free. A living muscle at

rest is in reaction neutral, or, from some remains of lymph adhering to

it, faintly alkaline. Tested by litmus paper it is frequently amphi-
chroitic, i.e. it will turn blue litmus red and red litmus blue,—but the

change from red to blue is more marked than that from blue to red.

If a muscle thus found neutral or alkaline be tetanized vigorously,

and its reaction then tested, it will be found to be most distinctly

acid. The red colouration of the blue litmus thus obtained is per-

manent, and cannot therefore be due to carbonic acid. It is probably

due to sarcolactic acid\

Carbonic acid is set free in great excess. Blood in passing

through a living muscle in the body, from being arterial becomes
venous, i.e. the muscle takes up oxygen and gives out carbonic acid.

This it does even when at rest ; during contraction the quantity of

carbonic acid is increased largely. There is also an increase in the

assumption of oxygen, but not at all in the ratio of the carbonic acid

given out. To this point we shall return in speaking of respiration.

If a muscle, ex. gr. a frog's muscle, removed from the body, be sus-

pended in an atmosphere of known composition containing oxygen,

a steady consumption of oxygen and a steady production of carbonic

acid continues to take place for some time. When the muscle is

tetanized, a very large increase in the production of carbonic acid is

observed, but none or a very slight one only in the consumption of

oxygen. A frog's muscle will continue to live for a while and to

contract vigorously in an atmosphere perfectly free from oxygen.

Now a muscle contains in itself no free or loosely combined oxygen
such as would serve for its own oxidation. When a frog's muscle is

subjected to the action of a mercurial air-pump, no oxygen can be
extracted from it. In this respect muscle differs markedly from
blood, which, as we shall see in dealing with respiration, gives up a very

considerable quantity of oxygen to a vacuum. Hence when a muscle,

itself containing no free or available oxygen, contracts in an atmo-

sphere also free from oxygen, it is evident that during the contraction

no direct oxidation takes place. Nevertheless the production of

carbonic acid as the result of contraction goes on all the same. From
this it is clear that the carbonic acid which is produced during

contraction, cannot come from the direct oxidation of any carbon

compounds. It probably has its source in the splitting up of some
complex bodies, and the great parallelism which is found between

1 See p. 84
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the amoimt of carbonic acid and of sarcolactic acid formed suggests
the idea that they have a common origin.

The other chemical changes in muscle have not been clearly made
out.

Helmlioltz shewed long ago that by continued contraction the sub-

stances in muscle which are soluble in water, i.e. the aqueous extractives, are

dimmished, while those which are soluble in alcohol are increased. In
other words, during contraction some substance or substances soluble in

water are converted into another or other substances insoluble in water but
soluble in alcohol. Ranke' concluded from his observations that the
proteids are slightly diminished, and that sugar and fats are produced;
but the data for these conclusions are, at present at all events, insufficient.

It has been suggested that the glycogen naturally present in muscle is

during contraction converted into sugar. The failure to obtain any satis-

factory evidence of the production of nitrogenous crystalline bodies as the
result of contraction is of interest; for though urea is conspicuous by its

absence from muscle both during rest and after contraction, some observers
have thought that the kreatin in muscle is increased by contraction: this

has not been definitely proved.

Putting all these facts together, the following may be taken as a
brief approximate history of what takes place in a muscle and
nerve when the latter is subjected to a single induction-shock. At
the instant of the induced current passing through the nerve,

changes occur, of whose nature we know nothing certain except that
they occasion a negative variation of the natural nerve-current.
These changes propagate themselves along the nerve in both direc-

tioDS as a nervous impulse in the form of a wave, having a wave-
length of about 18 mm., and a velocity (in frog's nerve) of about 28 m.
per sec. Passing down the nerve-fibres to the muscle, flowing along
the branching and narrowing tracts, the wave at last breaks on the
end-plates of the fibres of the muscle. Here it is transmuted into a
muscle-impulse, with a shorter steeper wave, and a markedly dimin-
ished velocity (about 3 m. per sec). This muscle-impulse, of which we
know hardly more than that it is marked by a negative variation in

the muscle-current, travels from each end-plate in both directions to

the end of the fibre. What there becomes of it we do not know, but it

is immediately followed by the visible contraction-wave, travelling

behind it at about the same rate, but with a vastly increased wave-
length. The fibre, as the wave passes over it, swells and shortens,

bringing its two ends together, its molecules during the change of

form arranging themselves in such a way that the extensibility of the
fibre is increased, while at the same time an explosive decomposition
of material takes place, leading to a burst of carbonic and sarcolactic

acids, and probably of other unknown things, with a considerable
development of heat.

1 Tetanus, 1865.
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The nature of the changes through which an electric current is

able to generate a nervous impulse.

Action of the Constant Current. There now comes before us

the question, In what way is an induction-shock, single or repeated,

thus able to generate a nervous impulse or impulses ? In an induc-

tion-shock we have a galvanic current of short duration, possessing

certain characters of its own. What happens when a constant gal-

vanic current is sent into a nerve direct from the battery ? On
examination the results, as far as muscular contraction is concerned,

are found to vary considerably according to circumstances. Thus a
contraction, a single spasm, may be witnessed when the current is

made (thrown into the nerve), or when it is broken (taken away
from the nerve), or at both events. Under certain conditions of the

nerve and muscle a strong constant current may produce at making
or breaking, not a simple spasm, but a prolonged and pronounced
tetanus. This when it occurs is spoken of as the ' making tetanus

'

or ' breaking tetanus.' These however are exceptional ; and as a
general rule it may be stated, while the current is passing, provided

that its intensity remains uniform, no contraction is produced. It

requires either a sudden increase or a sudden decrease in the in-

tensity (make and break being themselves a maximum increase and
decrease), in order to generate a nervous impulse, and so to produce
a contraction.

Electrotonus. Nevertheless, even in the absence of all contrac-

tions, the nerve, both between and beyond the electrodes, is, during

the passage of the constant current, in a peculiar condition known
as ' electrotonus,' The marked features of the electrotonic condition

is that the nerve though apparently quiescent is changed in respect

to its irritability ; and that in a different way in the neighbourhood
of the two electrodes respectively. Suppose that on the nerve of a

muscle-nerve preparation are placed two (non-polarisable) electrodes

(Fig. 12, a, k) connected with a battery and arranged with a key so

that a constant current can at pleasure be thrown into or shut off

from the nerve. This constant current, whose effects we are about

to study, may be called the ' polarizing current.'

Let a be the positive electrode, or anode, and k the negative

electrode or kathode, both placed at some distance from the muscle,

and also with a certain interval between each other. At the point x
let there be applied a pair of electrodes connected with an induction-

machine. Let the muscle further be connected with a lever, so that

its contractions can be recorded, and their amount measured. Before

the polarizing current is thrown into the nerve, let a single induction-

shock of known intensity (a weak one being chosen, or at least not

one which would cause in the muscle a maximum contraction) be
thrown in at x. A contraction of a certain amount will follow. That
contraction may be taken as a measure of the irritability of the nerve
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Fig, 12. Mtjscle-nekte Peeparations, -with the nerve exposed in ^ to a descending

and in £ to an ascending constant current.

In each a is the anode, k the kathode of the constant current, x reiDresents the

spot where the induction-shocks used to test the irritability of the nerve are sent in.

at the point x. Now let the polarizing current be thrown in, and let

the direction of the current be a descending' one, with the kathode or

negative pole nearest the muscle, as in Fig. 12 A. If while the

current is passing, the same induction-shock as before be sent

through X, the contraction which results will be found to be greater

than on the former occasion. If the polarising current be shut off,

and the point a; after a short interval again tested with the same
induction-shock, the contraction will be no longer greater, but of the

same amount, or perhaps not so great, as at first. During the pas-

sage of the polarizing current, therefore, the irritability of the nerve

at the point x has been temporarily increased, sinse the same shock

applied to it causes a greater contraction in the muscle than in the

absence of the current. But this is only true so long as the polar-

izing current is a descending one, so long as the point x lies on the

side of the kathode. On the other hand, if the polarizing current

had been an ascending one, with the anode or positive pole nearest

the muscle, as in Fig. 12 B, the irritability of the nerve at x would

have been found to be diminished instead of increased by the

polarizing current. That is to say, that when a constant current

is applied ta a nerve, the irritability of the nerve between the

polarizing electrodes and the muscle is increased when the kathode

is nearest the muscle (and the polarizing current descending)

and diminished when the anode is nearest the muscle (and the

polarizing current ascending) during the passage of the current. The
same result, mutatis mutandis, and with some qualifications to be

referred to directly, would be gained if x were placed not between

the muscle and the polarizing current, but on the far side of the

latter. Hence it may be stated generally that during the passage
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of a constant current through a nerve the irritability of the nerve is

increased in the region of the kathode, and diminished in the region

of the anode. The changes in the nerve which give rise to this

increase of irritability in the region of the kathode are spoken of as

hatelectrotonus, and the nerve is said to be in a katelectrotonic con-
dition. Similarly the changes in the region of the anode are spoken
of as anelectrotonus, and the nerve is said to be in an anelectrotonic

condition. It is also often usual to speak of the katelectrotonic

increase, and anelectrotonic decrease of irritability.

This law remains true whatever be the mode adopted for deter-

mining the irritability. The result holds good not only with a single

induction-shock, but also with a tetanizing interrupted current, with
chemical and with mechanical stimuli. The increase and decrease

of irritability are most marked in the immediate neighbourhood of

the electrodes, but spread for a considerable distance in either direc-

tion in the extrapolar regions. The same modification is not confined
to the extrapolar region, but exists also in the intrapolar region. In
the intrapolar region there must be of course an indifferent point,

where the katelectrotonic increase merges into the anelectrotonic

decrease, and where therefore the irritability is unchanged. When
the polarizing current is a weak one, this indifferent point is nearer
the anode than the kathode, but as the polarizing current increases in

intensity, draws nearer and nearer the kathode (see Fig. 13).

Fig. 13. Diageam Illtjsteating the Vaeiatioxs of Ieeitabilitt during Electro-
TONUS, WITH POLAEIZING CURRENTS OF INCREASING INTENSITY (frOm Pfliiger).

The anode is supposed to be placed at A, tlae kathode at B ; AB is consequently

the intrapolar district. In each of the three curves, the portion of the curve below

the base line represents diminished irritability, that above, increased imtabiUty.

y-^ represents the effect of a weak current ; the indifferent point rCj is near the anode A.

in 1/2, a stronger current, the indifferent point a;^ is nearer the kathode B, the diminu-

tion of mitabihty in anelectrotonus and the increase in katelectrotonus being greater

than in y^ ; the effect also spreads for a greater distance along the extrapolar regions

in both directions. In y.^ the same events are seen to be still more marked.

The katelectrotonic increase and anelectrotonic decrease reach a

maximum soon after the making of the polarizing current, and

thenceforward gradually diminish. The two effects however are not

quite parallel. The katelectrotonic increase is the first to be de-

veloped; it rapidly rises to a maximum and somewhat rapidly
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declines. The anelectrotonic decrease is not manifest at first ; when
it does appear it increases slowly, and having reached a maximum
diminishes slowly again.

When the polarizing current is shut off there is a rebound at either

pole ; a temporary increase of irritability in the anelectrotonic and a tem-
porary decrease in the katelectrotonic regions.

The amount of increase and decrease is dependent : (1) On the
strength of the current, the stronger current up to a certain limit

producing the greater effect. (2) On the irritability of the nerve, the

more irritable, better conditioned nerve being the more affected by a
current of the same intensity.

The increase or decrease of irritability applies not only to the
origination of impulses, but also to their propagation or conduction.

At least anelectrotonus offers an obstacle to the passage of a nervous
impulse.

These variations of irritability at the kathode and anode respec-

tively must be the result of molecular changes, brought about by the

action of the constant current. We are not at present able to say

what those molecular changes are, but we have evidence of physical

phenomena accompanying and probably connected with the physio-

logical phenomena just described.

During the passage of a constant current through a nerve,

variations in the electric currents of the nerve analogous in many
respects to the variations of the irritability of the nerve may be
witnessed. Thus if a constant current supplied by the battery

P (Fig. 14) be applied to a piece of nerve by means of two non-
polarisable electrodes p, p', the currents obtainable from various

points of the nerve will be different during the passage of the polariz-

ing current from those which were manifest before or after the current

was applied ; and, moreover, the changes in the nerve-currents pro-

duced by the polarizing current will not be the same in the neigh-

bourhood of the anode (p) as those in the neighbourhood of the kathode

(j)). Thus let G and II he two galvanometers so connected with the

two ends of the nerve as to obtain good and clear evidence of the

natural nerve-currents. Before the polarizing current is thrown into the

nerve, the needle of ^will occupy a position indicating the passage of

a current of a certain intensity from h to h' through the galvanometer
(from the positive longitudinal surface to the negative cut end of the

nerve), the circuit being completed by a current in the nerve from
h' to h, i.e. the current will flow in the direction of the arrow.

Similarly the needle of O will by its deflection indicate the existence

of a current flowing from g to g' through the galvanometer, and
from g' to g through the nerve, in the direction of the arrow.

At the instant that the polarizing current is thrown into the

nerve at pp, the currents at gg', hJi will suffer a negative variation

corresponding to the nervous impulse, which, at the making of the

polarizing current, passes in both directions along the nerve, and may
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Fig. 14. Diagram illusteating Electeotonus.

P the polarizing battery, with fe a key, p the anode, and ^'the kathode. At the left end
of the piece of nerve the natural current flows through the galvanometer G from
g to (/', in the direction of the arrows ; its direction therefore is the same as that
of the polarizing current ; consequently it appears increased as indicated by the
sign + . The current at the other end of the piece of nerve, from h to /i', through
the galvanometer if, flows in a contrary direction to the polarizing current ; it

consequently appears to be diminished, as indicated by the sign - .

N.B. For simplicity's sake, the polarizing current is here supposed to be thrown
in at the middle of a piece of nerve, and the galva,nometer placed at the two ends. Of
course it will be understood that the former may be thrown in anywhere, and the
latter connected with any two pairs of points which will give currents.

cause a contraction in the attached muscle. The negative variation

is, as we have seen (p. 54), of extremely short duration, it is over

and gone in a small fraction of a second. It therefore has nothing
to do with a permanent effect which, in the case we are dealing with,

is observed in both galvanometers. This effect, which is dependent
on the direction of the polarizing current, is as follows: Supposing
that the polarizing current is flowing in the direction of the arrow
in the figure, and therefore passing in the nerve from the positive

electrode or anode -p to the negative electrode or kathode -p , it is

found that the current through the galvanometer G is increased,

while that through H is diminished. We may explain this result by
saying that the polarizing current has developed in the nerve outside

the electrodes a new current, the ' electrotonic ' current, having the
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same direction as itself, which adds to, or takes away from, the

natural nerve-current, according as it is flowing in the same direction

or in an opposite one.

The strength of the electrotonic current is dependent on the

strength of the polarizing current, on the length of the intrapolar

region which is exposed to the polarizing current, and on the irri-

tability or vital condition of the nerve. A dead nerve will not

manifest an electrotonic current, and the propagation of the elec-

trotonic current is stopped by a ligature ; the current is therefore

a vital not a mere physical phenomenon, and the effects produced on
the galvanometer are certainly not in any way due to a mere escape

of the polarizing current along the nerve.

The application of the constant current then throws a nerve,

during its passage, into a peculiar condition characterized by the

appearance of a new (electrotonic) current. This we may speak of

as a physical electrotonus analogous to that physiological electrotonus

which is made known by variations in irritability. And the general

laws of the one are so parallel to those of the other that it seems
difficult not to suppose that they are fundamentally connected. In
the example given above, which was chosen for its simplicity, the

electrotonic current diminishes the effect of the natural nerve-current

in the neighbourhood of the kathode, where, as we have seen, irrita-

bility is increased, and increases the effect of the natural nerve-

current in the neighbourhood of the anode, where, as we have seen,

irritability is diminished. But an electrotonic current may make its

appearance when the electrodes of the galvanometer are so disposed

that no natural current is indicated, and therefore we cannot speak

of the natural current being either increased or diminished. More-
over, the electrodes of the galvanometer may be so placed in reference

to the polarizing current (as for instance Avhen the polarizing current

is brought to bear entirely on one side of the equator of a piece of

nerve) that the natural current may appear to be increased at the

kathode, and diminished at the anode. It is best in fact to consider

the electrotonic current as distinct from the natural current. And
since there are differences observable between the effects at the

kathode and those at the anode, irrespective of the natural currents,

we may complete the analogy of the physical with the physiological

electrotonus by speaking of a katelectrotonic current and an anelec-

trotonic current.

The katelectrotonic current, like the katelectrotonic increase of irrita-

bility, rises very rapidly (almost immediately) to a maximum and then

speedily declines. The anelectrotonic current, like the anelectrotonic

decrease of irritability, rises slowly to a maximum and slowly declines.

And generally the katelectrotonic current is less than the anelectrotonic.

The electromotive force of the electrotonic current may be much,

greater than that of the natural nerve-current, so that when the latter is

opposed in direction to the former, the needle of the galvanometer may be

carried a considerable distance beyond zero. There are diflScixlties in the
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way of estimating the force exactly, but Du Bois-Eeymond' gives as an
instance an electromotive force of '5 Daniell for the anelectrotonic and "05

Daniell for the katelectrotonic current.

There are practical difficulties in the way of demonstrating the exist-

ence of an electrotonic current, in the intrapolar regions between the

polarizing electrodes ; and some observers maintain that it is in reality

absent from this region, and confined entirely to the extrapolar districts.

It spreads, with a diminution in intensity, for some distance along the

extrapolar districts in both directions.

When the polarizing current is broken there is a rebound in the

opposite direction, the natural current previously diminished or increased

being for a brief period increased or diminished. According to Hermann
there is no such rebound at the kathode in the extrapolar region, the current

developed on breaking having here the same direction as previously.

Though the appearance of the negative variation of the natural

current is so marked a feature of a muscular contraction, no electro-

tonic currents whatever can be discovered in a muscle when a
constant current is applied to it.

This presents a difficulty, from which however we may escape by
supposing that both in a muscle and in a nerve electrotonic currents, though

not demonstrable, are originated in the intrapolar region, but that in a

muscle, unlike the case of a nerve, certain obstacles exist which prevent

the propagation of the electrotonic current from the intrapolar region,

(where they cannot be shewn) to the extrapolar regions (where if present

they might easily be detected).

Law of Contraction. At the making of a constant current, then,

there is set up a condition of katelectrotonus and of anelectrotonus
;

on the breaking of the current these conditions with more or less

rebound disappear. What have these changes to do with the gene-

ration of nervous impulses ?

It has already been stated that when a constant current is applied

to a nerve, a contraction is caused in the muscle, *'. e. a nervous

impulse is started in the nerve, either at the make or at the break,

or at both. On further examination it is found that the occurrence

or non-occurrence of a contraction depends on the direction {%. e. whe-
ther descending with the kathode nearest the muscle, Fig. 12 A, or

ascending with the anode nearest the muscle, Fig. 12 B) and intensity

of the current. The results have been formulated in the following
* law of contraction.'

Descending. Ascending.
Break Make Break

— c —
C CO
_ — c

where C indicates a contraction. This law becomes intelligible if

we suppose that nervous impulses are originated only by the rise of

1 Gesaml. Abhandl. ii. 200,

F. P. 5
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katelectrotonus and by the fall of anelectrotonus, and not at all

by the rise of anelectrotonus, or by the fall of katelectrotonus,

or by the steady maintenance of either. Remembering that in

katelectrotonus irritability is increased and in anelectrotonus dimin-

ished, we may formulate the law as follows : a nervous impulse is

generated at any point of a nerve when there is a sudden change

from a phase of lower to one of higher irritability, as from the

normal condition to katelectrotonus or from anelectrotonus to the

normal condition. We must however further suppose that the rise

of katelectrotonus more readily gives rise to an impulse, or gives rise

to a larger impulse, than does the fall of anelectrotonus, and that the

condition of anelectrotonus, especially when pronounced, is an obstacle

to the passage towards the muscle of impulses originating on the side

away from the muscle. Thus with weak currents, a contraction

occurs only at the make, at the rise of katelectrotonus, of both the

descending and ascending currents. But the contraction is easier

to get with the descending than with the ascending current, because

in the latter the impulse started at the kathode has to pass through

an anelectrotonic region before it can arrive at the muscle. With
a moderate current, as for instance with a single Daniell acting as the

source of the current, there is a contraction both at the make and at

the break of both ascending and descending currents ; the fall of

anelectrotonus here is able, as well as the rise of katelectrotonus,

to originate a nervous impulse. Lastly, when the current is very

strong, as that for instance of two or more Groves, making the

ascending current produces no contraction, because the anelectrotonus

round the anode blocks the impulse starting from the kathode. The
fall of anelectrotonus however at the anode, there being nothing

between it and the muscle, does cause a contraction. With the

descending current the rise of katelectrotonus produces a making
contraction, but there is no breaking contraction ; the absence of the

latter may be accounted for, partly by the strong current depressing

the irritability, and especially the conductivity of the intrapolar

nerve, and partly perhaps by supposing that the disappearance of

katelectrotonus at the kathode, occurring as it does in a part lying

between the anode and the muscle, serves to block the downward
progress of the impulse started by the fall of anelectrotonus at the

anode.

This blocking of nervous impulses by the defective conduction caused

in anelectrotonus, is the reason why in testing the variations of irritability

in anelectrotonus and katelectrotonus it is preferable to apply the stimulus

between the muscle and the polarizing current.

It has already been stated that in many cases the making or breaking

of a constant current gives rise not to a single spasm only but to a pro-

nounced tetanus, often spoken of as the making or breaking tetanus. Of
these two the most common is the breaking tetanus, or Ritter's tetanus,

which appears when a strong current has been applied for some time to a

nerve, it is developed most readily and lasts longest after the application
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of an ascendiiig current, but may also make its appearance with a descend-

ing current. When it manifests itself it may be at once diminished or

suspended altogether by applying the same cm-rent in the same direction.

It is increased by applying the current in an opposite direction. The
making tetanus is seen with currents of a certain intensity only, being

absent with those of less or greater strength. Both forms are due to pro-

found electrolytic changes in the nerve, those of the making tetanus being

of a katelectrotonic, and those of the breaking tetanus of an anelectrotonic

character.

We can now understand why a single inductive-shock produces a

single spasm; for a single induction-shock is the application of a

current of exceedingly short duration, in which the break is separated

from the make by so very small an interval, that one only contraction

has time to be developed. This maybe the result of arise of katelec-

trotonus alone, or of that and of the fall of anelectrotonus fused into

one. Moreover, the induced current is developed very rapidly and
disappears slowly. Hence it is more potent as a stimulus in its ap-

pearance than in its disappearance ; and in the case of weak currents

the disappearance may be disregarded as far as stimulation is con-

cerned, so that the effect of the induced current may be looked upon
as equivalent to that resulting from the making of a constant current,

i.e. a rise of katelectrotonus only. This is true of the induced current

produced either by the making or by the breaking of a constant

current.

The constant current applied directly to a muscle from which the purely

nervous element has been eliminated by urari poisoning, has effects similar

to and yet somewhat different from those which it has upon a nerve. The
absence of electrotonic currents has already been referred to. The respective

efficacy of the rise of katelectrotonus and the fall of anelectrotonus in

])roducing contraction are the same as in a nerve. In one respect the

muscle is more striking and offers a support of the hypothesis mentioned
above. The making contraction may under favourable circumstances be

seen to start fi'om the kathode and the breaking contraction from the anode.

Another marked difference between muscle and nerve is that in muscle

the current must act for some appreciable time upon the tissue before it can

call forth a contraction. This is what we might expect from the more
sluggish nature of the muscular impulse-wave. Hence muscular tissue

which has lost its nervous elements or does not possess them, is far less

readily affected by the rapid indiiction-shocks than are nerves.

During the passage of a constant current the muscle is thrown into a

partial tetanus, which however may be sufficiently weak to permit the

simple make and break contractions to be readily observed ^ Yery fre-

quently this tetanus changes into a regular rhythmic pulsation if the intra-

muscular nerves be intact.

^ Eomanes, Journal of Anat. and Pliys. x. p. 707.
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Circumstances affecting the amount and character of the contraction.

1. Nature of the stimulus. A mechanical stimulus in the shape

of a single tap or blow, pinch or prick, may produce a single spasm, and
slight taps repeated regularly and rapidly may be used to produce a

tetanus. As a rule, however, the injury inflicted by a mechanical

stimulus destroys the irritability of the spot stimulated, and so

prevents a repetition of the spasms. Violent and extensive injury

may produce tetanus. A chemical stimulus produces an irregular

tetanus, as does also the sudden application of heat. A galvanic

current acts, as we have seen, as a stimulus when there is a sudden
rise or fall in the intensity of the current, making and breaking

being extreme cases of rise and fall. If the rise and fall be suf-

ficiently gradual, a current may, while still passing through a nerve,

be increased or diminished very largely without any contraction

taking place; whereas a very slight, sudden rise or fall at once gives

rise to one: the more sudden the change, the greater the effect.

Thus in single induction-shocks, the breaking shock, which is de-

veloped much more rapidly than the making shock, is by far the

more potent of the two. Of the nature of the action of organic or

vital stimuli we know very little.

2. Application of a galvanic current. In order that a galvanic

current of any kind may call forth a contraction, some appreciable

length of nerve must be placed between the electrodes. If the

current simply be sent transversely through a nerve, little or no
contraction takes place. With the same strength of current, the

longer the piece of nerve, the greater the contraction.

This is said to be true of the descending but not of the ascending con-

stant current, and the results are more constant with the making than the

breaking of the current'.

In the case of a single application of a current, there must be a certain

duration of the application, varying with the strength of the current

;

otherwise, no impulse or contraction will be generated. It is said that a

current, of whatever strength, must last at least •0015 sec. in order to

produce a contraction ^ And in general the less the duration of the stimulus

the slighter is the effect. Hence stimuli which produce a contraction when
applied for a given, though still short, time may fail to give rise to one

when applied for a still shorter time, the stronger stimuli naturally needing

the shoi'ter duration of application in order to produce their effects.

Hence also a stimulus of moderate strength, which when applied singly is

aVjle to call forth a contraction, may, when repeated rapidly, by means of a

rotation machine, instead of producing tetanus, give rise to no visible effect

at all. In this case the absence of effect is probably due to the mechanism
of repetition shortening the duration of each individual shock. But over

and above this, the mere repetition has an effect of its own. Thus Helm-

Willy, Pfluger'f3 ArcMv, v. (1872) 275.

Kouig, Wien. Sitzuncjs-BeridU, lxii.
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holtz^ has shewn that when an induction-shock giving a maximum contrac-

tion is followed at an interval of less than g-i-g-sec. by a second shock

of equal strength, no secoud contraction appears at all. During —-^ sec.

su.bsequent to the first shock the muscle is absolutely devoid of iriitability;

it is in a ''refractory phase" similar to but much shorter than that which is

so conspicuous in cardiac muscles. Hence if a number of maximum induc-

tion-shocks be sent into a muscle or nerve at intervals of a little less than

•g^th sec. half the shocks sent in would seem to be without effect.

Bernstein^ finds that when induction-shocks are repeated sufficiently rapidly,

tetanus is absent; there is an initial contraction with the first shock and
after that complete rest. The rapidity necessary to produce this result

varies with the strength of the shocks em^jloyed. The interpretation of

the results however is not at present clear; and Kronecker, making use

of a vibrating rod as an intei'ruptor, finds that tetanus still appears, though

the rapidity of the interruptions be carried far beyond Bernstein's limit.

3. The strength, of the current. If the nerve of a muscle-

nerve preparation be stimulated at intervals by currents of increasing

intensity, beginning with those having no effect at all, it is found

that the effect, as measured by the height of the contraction, rises

very rapidly to a maximum, and then remains constant.

4. The load. It might be imagined that a muscle, which, when
loaded with a given weight, say 20 grammes, and stimulated by a

current of a given intensity, had contracted to a certain extent, would
only contract to half that extent when loaded with twice the weight

(40 grammes) and stimulated with the same stimulus. Such, how-
ever, is not the case ; the height to which the weight is raised may be
as great, or even greater, in the second instance, than in the first.

That is to say, the resistance offered to the contraction actually

increases the contraction, the tension of the muscular fibre increases

the facility with which the explosive changes resulting in a con-

traction take place. And it has been observed by Heidenhain^
that tension applied to a muscle increases both the chemical products

(carbonic and lactic acid) and the rise of temperature which ac-

company a contraction. There is, of course, a limit to this favourable

action of the resistance. As the load continues to be increased, the

height of the contraction is diminished, and at last a point is reached

at which the muscle is unable (even when the stimulus chosen is the

strongest possible) to lift the load at all.

It is said that a muscle, loaded beyond its power, relaxes and lengthens

when stimulated instead of shortening, in consequence of that increase of

extensibility which is a characteristic of the contracted state. The occur-

rence of this lengthening is however doubtful.

It is obvious that the work done (height to which the load is

raised multiplied into the weight of the load) must therefore

1 Berlin. Monatsbericht, 1854. ^ Op. cit.

3 Mechanisehe Leistung, Wdrmeentwichlung und Stoffumsatz bei der 3Iuskelthdtig-

keit. Leipzig, 1864.
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be largely dependent on the weight itself. Thus there is a
.certain weight of load with which in any given muscle, stimulated
by a given stimulus, the most work will be done.

Since mere tension affects the changes going on in the muscular fibres,

it is desirable in experiments in which muscles are loaded, that the weight
should not bear xipon the lever until the contraction actually begins. This
is easily managed by interposing between the end of the muscle and the
weight a lever with a support so arranged that, before contraction takes

place, the weight only extends the muscle to the length natural to it during
rest; but that the muscle directly it shortens at once begins to pull on the
weight. The muscle is then said to be after-loaded^.

If the weight be determined which will stop a contraction when
applied directly the contraction begins, and also that which stops a
contraction when applied at a moment when the contraction is

already partly accomplished, it will be found that the second weight
is much less than the first. It will be found, in fact, that the force of

a contraction is at its maximum at the beginning of the shortening,

and thenceforwards declines until it becomes nothing when the
shortening is complete.

5. Size and Form of the Muscle. Since all known muscular
fibres are much shorter than the wave-length of a contraction, it is

obvious that the longer the fibre, the greater the height of the
contraction with the same stimulus. Hence in a muscle of parallel

fibres, the height to which the load is raised as the result of a given
stimulus applied to its nerve, will depend on the length of the
fibres, while the weight of the load so lifted will depend on the
number of the fibres, since the load is distributed among them. Of
two muscles therefore of equal length (and of the same quality) the
most work will be done by that which has the greater sectional area

;

and of two muscles with equal sectional areas, the most work will be
done by that which is the longer. If the two muscles are unequal
both in length and sectional area, the work done will be the greater in

the one which has the larger bulk, which contains the greater number
of cubic units. In speaking therefore of the maximum of work which
can be done by a muscle, we may use as a standard a cubic unit of

bulk, or, the specific gravity of the muscle being the same, a unit of

weight. In the case of frog's muscle, the maximum of work which
can be done under most favourable circumstances has been estimated
by Fick ^ to vary between 3 and 7 kilogrammeters for 1 grm. of

muscle.

The weight which is just sufficient, but only just sufficient, to

keep a muscle, when stimulated, from actually shortening, may be
taken as the measure of the 'absolute power' of the muscle. It

must of course be taken only in relation to the sectional area of the

1 This is perhaps the best equivalent of the German iiberlastet.

^ Untersuch. ii. Muskdarhdt, Basel, 1867.
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muscle. The absolute power of a square centimetre of frog's muscle
has been in this way estimated at about 2800 to 3000 grms. : of a

square centimetre of human muscle at 6000 to 8000 grms.

6. Condition of the Nerve. When two pairs of electrodes are

placed on the nerve of a long and a perfectly fresh and successful nerve-

preparation, one near to the cut end, and the other nearer the muscle,

it is found that the same stimulus produces a greater contraction

when applied through the former pair of electrodes than through the

latter. Two interpretations of this result are possible. Either the

nerve at the part farther away from the muscle is more irritable, i.e.

that the stimulus gives rise at the spot stimulated to a larger nervous
impulse; or the impulse started at the farther electrodes gathers

strength, like an avalanche, in its progress to the muscle. The latter

view has been strongly urged by Pfliiger, and is generally known
under the name of the 'avalanche theory.' As far as we know, how-
ever, the progress of the negative variation along a nerve is marked
by no such increase ; Du Bois-Keymond found that the amount of

the negative variation, if it changed at all, was slightly diminished at

a distance from the spot stimulated. It is probable that the larger

contraction produced by stimulation of the portions of the nerve

near the spinal cord is due to the stimulus setting free a larger

impulse, i.e. to this part of the nerve being more irritable.

The effect is not due to the section merely, for it may be witnessed in

nerves still in connection with, the spinal cord. Heidenhain ^ states however

that under these circumstances the diminution of the effect is not gradual

from the central to the peripheral portions, as when the nerve is cut; on

the contrary, the amount of contraction is at first large, then becomes

smaller, and finally increases somewhat again as the stimulation is carried

from the roots of the nerves to the muscular periphery.

It is probable that the irritability of the nerve may vary considerably

at different points along its course. And FleischP states that the behaviour

of a nerve to induction-shocks differs at difierent parts of its course according

as the induced shock is applied as a descending or an ascendiug current.

In addition to this, however, section of a nerve does of itself lead

to a temporary increase in the neighbourhood of the section. But
after a while this increased irritability gives place to a decreased

irritability near the cut end, as compared with the more peri-

pheral portions ; exhaustion, as it is said, sets in in this part, and
spreads gradually downwards towards the muscle. When a nerve is

simply divided in situ, in the living body, very similar phenomena
are observed. At first there is an increase of irritability, observable

especially at the cut end, and travelling centrifugally towards the

periphery. Subsequently the irritability diminishes, and gradually dis-

appears, the loss beginning at the cut end a.nd advancing centrifugally

^ Stud. Physiol. Instit. Breslau, ii. (1861).
2 Wien. Sitz.-Bericht, lxxii. Compare Tiegel. Pfliiger's Archiv, xiii. (1876) p. 598.
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towards tlie periplieral terminations. This centrifugal feature of the

loss of irritability is often spoken of as the Ritter-Valli law. The
exhaustion thus produced is followed, in a similar centrifugal manner,

by structural degeneration of the nerve. In a mammal it may be

two or three days, in a frog, as many, or even more weeks before

irritability has disappeared from the trunks. It is maintained in the

small (and especially in the intramuscular) branches for still longer

periods.

Exhaustion of a nerve, in whatever way produced, whether by
poison, or by withdrawal of blood, or by section, or by other means,

is marked by gradual loss of irritability, i.e. the stimulus required to

produce a contraction in the muscle must be gradually increased,

until at last the strongest stimuli are ineffective. In some cases at

least, exhaustion has been ascertained to be accompanied by a
retardation of the impulse-wave. Beyond this we know little. The
irritability of both muscles and nerves is ultimately dependent on
the state of their nutrition, and this again is determined in the first

place by the quality and quantity of the blood supplied to the tissue,

and in the second place by the functional activity of the tissue, i.e.

by the extent to which its specific energies are called into play.

The effects of varying the blood-supply and functional activity

can be much more easily studied, and consequently are much better

known, in the case of muscles than of nerves, but there is no reason

to doubt that the same general laws govern the life of both tissues.

7. Condition of the Muscle. Exhaustion. When a muscle of a

warm- or of a cold-blooded animal is removed from the body, the

irritability gradually diminishes. The same stimulus repeated at

intervals gives rise to smaller and smaller contractions. At last

the irritability disappears altogether, and no stimulus however strong

produces any contraction at all. In the muscle of a warm-blooded
animal the descent is very rapid, occupying a time which varies,

according to circumstances, from a few minutes to two or three hours.

In the muscle of a cold-blooded animal the irritability may continue

for as long as two or three days. Otherwise the progress of events is

the same in each.

If a sharp blow with some thin body be struck across a muscle which

has entered into the later stages of exhaustion, a wheal lasting for several

seconds is developed. The wheal in many respects resembles a very slow

or almost fixed contraction-wave, and has been called an 'idio-mnscular'

contraction, because it may be brought out even when ordinary stimuli

have ceased to produce any effect. It may however be accompanied at its

beginning by an ordinary contraction. It is readily produced in the living

body on the pectoral and other muscles of piersons suffering from phthisis

and other exhausting diseases.

Rigor Mortis. The loss of irritability, even when rapid, is

gradual, but is succeeded by an event of some suddenness, the en-

trance into the condition known as rigor mortis, the occurrence of
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which is marked by the following features. The muscle, previously

possessing a certain transparency, becomes much more opaque. Pre-

viously very extensible and elastic, it becomes rigid and inextensible

and at the same time loses its elasticity. The muscle now requires

considerable force to stretch it, and when the force is removed,

does not, as before, return to its natural length. To the touch it has

lost much of its former softness, and becomes firmer and more resist-

ant. The entrance into rigor mortis is characterised by a shortening

or contraction, which may, under certain circumstances, be consider-

able. The energy of this contraction is not great, so that when
opposed, no actual shortening is observed. When rigor mortis has

been fully developed, no muscle-currents whatever are observed.

Tested by litmus paper the muscle is found to have become distinctly

acid. The amount of acidity is very considerable, much greater than

that of even a prolonged tetanus. It is, apparently, due to the pre-

sence of the same acid as that produced in a contraction. If a muscle

be suspended in a known atmosphere it is found that the compara-

tively feeble production of carbonic acid, which goes on as long as the

muscle is irritable, undergoes a very large increase when rigor mortis

sets in. As rigor mortis comes on, the muscle undergoes a distinct

rise of temperature which is coincident in time with the shortening.

In many respects, therefore, rigor mortis has a strong resemblance to

an ordinary contraction. In one point the two differ fundamentally.

In a contraction the extensibility is increased, in rigor mortis it is

diminished. But in other respects, in the shortening, the rise of

temperature, the diminution (in the case of rigor mortis to dis-

appearance) of natural muscle-currents, and the production of sarco-

lactic and carbonic acids, the two seem identical. They both seem to

be due to an explosive decomposition within the fibre. The peculiar

features of rigor mortis appear to be in part at least due to the fact

that the decomposition is in that case accompanied by, or results in,

a coagulation of some portion of the fibre. From the perfectly fresh,

as yet irritable muscles of a frog, a coagulable muscle-plasma may by
appropriate means be obtained, see antea, p. 83. If rigid muscles be
treated in the same way no such coagulable plasma will be obtained.

It has already been seen that the rigid fibres consist largely

of myosin. Thus while from the irritable or not yet rigid muscle
there can be extracted a coagulable plasma, which on coagulating

gives rise to myosin, from the rigid muscle there can only be extracted

the already formed myosin, which therefore may be regarded as the

result of a coagulation coincident with, and constituting an important

part of the phenomena of, rigor mortis.

It is stated by Hermann that in frog's muscle separated from the body,

the quantity of carbonic acid given out during rigor mortis is in inverse

proportion to the quantity given out by the contractions which have taken
place since the removal of the muscle from the blood-current. The more
the muscle has contracted durmg this period the less the amount of carbonic

acid given out in the final rigor, and vice versa. From this it is inferred
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that at tlie moment of separation from the body, the muscle contains a

certain capital of carbonic-acid-producing material (to wit, the substance

whose explosive decomposition we have supposed to give rise to this and
other bodies) which may be expended either in rigor mortis or in contrac-

tion, but which, from the absence of blood, cannot be replaced. Conse-

quently the expenditure in the direction of contraction must come out of

the share allotted to rigor mortis. To this point we shall return.

The Influence of Blood-supply. When a muscle still within the

body is deprived by any means of its proper blood-supply, as when
the blood-vessels going to it are ligatured, the same gradual loss of

irritability and final appearance of rigor mortis are observed as in

muscles removed out of the body. Thus if the abdominal aorta be
ligatured, the muscles of the lower limbs lose their irritability and
finally become rigid. So also in systemic death, when the blood-

supply to the muscles is cut off by the cessation of the circulation,

loss of irritability ensues, and rigor mortis eventually follows. In a

human corpse the muscles of the body enter into rigor mortis in a

fixed order : first those of the jaw and neck, then those of the trunk,

next those of the arms, and lastly those of the legs. The rapidity

with which rigor mortis comes on after death varies considerably,

being determined both by external circumstances and by the internal

conditions of the body. Thus external warmth hastens and cold

retards the onset. After great muscular exertion, as in hunted
animals, and when death closes wasting diseases, rigor mortis in

most cases comes on rapidly. As a general rule it may be said

that the later it is in making its appearance, the more pronounced it

is, and the longer it lasts ; but there are many exceptions, and when
the state is recognised as being fundamentally due to a coagulation,

it is easy to understand that the amount of rigidity, i.e. the amount
of the coagulum and the rapidity of the onset, i.e. the quickness

with which coagulation takes place, may vary independently. The
rapidity of onset after muscular exercise and wasting disease is

apparently dependent on an excess of acid produced under those

circumstances in the muscle. When rigor mortis has once become
thoroughly established in a muscle through deprivation of blood, it

cannot be removed by any subsequent supply of blood. Thus where
the abdominal aorta has remained ligatured until the lower limbs

have become completely rigid, untying the ligature will not restore

the muscles to an irritable condition ; it simply hastens their de-

composition.

A muscle however may acquire as a whole a certain amount of rigidity

on account of some of the fibres becoming rigid, while the remainder,

though they have lost their irritability, have not yet advanced into rigor

mortis. At such a juncture a renewal of the blood-stream may restore

the irritability of those fibres which were not yet rigid, and thus appear to

do away with rigor mortis; yet it appears that in such cases the fibres

which have actually become rigid never regain their irritability, but undergo
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degeneration. It is stated however by Prayer^ that if the even completely

rigid muscles of the frog be washed out with a 10 p. c. sodium chloride

solution (which dissolves myosin) and subsequently injected with blood,

irritability will be restored.

Mere loss of irritability, even though complete, if stopping short

of the actual coagulation of the muscie-substance, may be with care

removed. Thus if a stream of blood be sent artificially through
the vessels of a separated (mammalian) muscle, the irritability

may be maintained for a very considerable time. On stopping

the artificial circulation, the irritability diminishes and in time
entirely disappears ; if however the stream be at once resumed,
the irritability will be recovered, and maintained. By regulating

the flow, the irritability may be lowered and (up to a certain limit)

raised at pleasure. From the epoch however of interference with the

normal blood-stream there is a gradual diminution in the responses to

stimuli, and ultimately the muscle loses all its irritability and be-

comes rigid, however well the artificial circulation be kept up. This

failure may be due simply to the fact that an artificial circulation

is at best an imperfect circulation, or it may be due to other (as yet

unknown) causes.

The irritability of a muscle then is clearly in large measure
dependent on the quantity of blood supplied to it. In respect to

the quality of blood, our knowledge is definite with regard to one
factor only, viz. the oxygen. If blood deprived of its oxygen be sent

through a muscle removed from the body, irritability, so far from
being maintained, seems rather to have its disappearance hastened.

In fact, if venous blood continue to be driven through the muscle
the irritability is lost even more rapidly than in the entire absence

of blood. It would seem that venous blood is more injurious than
none at all. If exhaustion be not carried too far, the muscle may,
however, be revived by a proper supply of oxygenated blood.

In a muscle the irritability of which has been suspended by a ciirrent

of venous blood, the assumption of a minute fraction of oxygen is siifficient

to restore irritability to such an extent that a very distinct amount of

contraction is visible on the application of stimuli. Much more than this

must be taken up before the muscle can regain the standard at which it

was previous to the action of the venous stream^

The influence of Temperature. Moderate warmth, ex. gr. a tem-
perature of 35° and a little beyond, favours muscular irritability.

All the molecular processes are hastened and facilitated : the con-

traction is for a given stimulus greater and more rapid, i.e. of shorter

duration. Owing to the quickening of the chemical changes, the

supply of new material may prove insufiicient; hence muscles

removed from the body lose their irritability more rapidly at a high

1 Centrht. f. Med. Wissclift. 1864, p. 769.
^ Lud-nig aud Schmidt, Ludioig's Arbciten, 1868, p. 1.
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than at a low temperature. A temperature of about 45° in the case

of frogs' muscles, of 50° in the case of mammalian muscles, brings

about an almost instantaneous rigor mortis, often spoken of as rigor

caloris. The entrance into the rigid state is, under these circum-
stances, initiated by a forcible contraction or shortening.

When a muscle is exposed to cold, ex. gr. to a temperature very
little above zero, the contractions are remarkably prolonged ; they
are diminished in extent at the same time, but not in proportion to

the increase of their duration. Exposed to a temperature of zero or

below, muscles soon lose their irritability, without however under-
going rigor mortis. After an exposure of not more than a few
seconds to a temperature not much below zero, they may be restored,

by gradual warmth, to an irritable condition, even though they may
appear to have been frozen. When kept frozen however for some
few minutes, or when exposed for a less time to temperatures of-

several degrees below zero, their irritability is permanently de-

stroyed. When thawed, they enter into rigor mortis of a most pro-
nounced character.

The influence of Functional Activity. When a muscle within

the body is unused, it wastes ; when used it (within certain limits)

grows. Both these facts shew that the nutrition of a muscle is

favourably affected by its functional activity.

Part of this may be an indirect effect of tlie increased blood-supply

which, occurs when a muscle contracts. When a nerve going to a m.uscle is

stimulated, the blood-vessels of the muscle dilate, whether the muscle
contract or no. Hence at the time of the contraction more blood flows

through the muscle, and this increased flow continues for some little while

after the contraction of the muscle has ceased. But besides this increased

blood-supply, there are reasons for thinking that the mere contraction of the

fibre is favourable to the nutritive changes which build raip the muscle.

A muscle, even within the body, after prolonged action is fatigued,

i.e. a stronger stimulus is required to produce the same contraction;

in other words, its irritability is reduced by functional activity.

The fatigue of which, after prolonged or unusual exertion, we are

conscious in our own bodies, arises partly from an exhaustion of muscles,

partly from an exhaustion of motor nerves, but chiefly from an exhaustion

of the central nervous system concerned in the production of volmitary

impulses. A man who says he is absolutely exhausted may under excite-

ment perform a very large amount of work with his already wearied

muscles. The will rarely if ever calls forth the greatest contractions of

which the muscles are capable.

Absolute (temporary) exhaustion of the muscles, so that the

strongest stimuli produce no contraction, may be produced even
within the body by artificial stimulation ; recovery takes place on
rest. Out of the body absolute exhaustion takes place readily. Here
also recovery may take place. Whether in any given case it does
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occur or not, is determined by the amount of contraction causing tlie

exhaustion, and by the previous condition of the muscle. In all cases

recovery is hastened by renewal (natural or artificial) of the blood-

stream. The more rapidly the contractions follow each other, the

less the interval between any two contractions, the more rapid the

exhaustion. A certain number of single induction-shocks repeated

rapidly, say every second or oftener, bring about exhaustive loss of

irritability more rapidly than the same number of shocks repeated

less rapidly, for instance every 5 or 10 seconds. Hence tetanus is a

ready means of producing exhaustion.

There are reasons for thinking that for each muscle it may be possible to

choose such an interval between successive stimuli as shall not only not

hasten, but perhaps even retard, the gradual normal exhaustion following

upon removal from the body. In other words, it is probable that after

a contraction there is a rebound of irritability, a reaction favourable to the

nutrition of the muscle.

When a muscle is subjected to a prolonged tetanus the course of ex-

haustion, as indicated by the varying heights to which the load is succes-

sively raised by the repeated contractions, is at first very slow, afterwards

more rapid, and finally slow again.

The amount of the load, provided this be not too great, has no marked
effect on the course of exhaustion. If two muscles be loaded (after-loaded),

one with a heavy, the other with a light, weight, and stimulated at the same
intervals with the same stimulus, the course of exhaustion will be parallel

in the two cases, though the more heavily laden muscle, responding at the

outset with smaller contractions than the more lightly laden one, will be

the first to enter that stage of exhaustion at which the contractions cease to

be visible ^ The above is probably only true for weights up to the standard

"vvliich is most favourable for the muscle's doing work : see ante, p. 70.

Weights heavier than this quicken exhaustion—and with a certain weight
the mere extension so caused, even when unaccompanied by a contraction,

is exhausting.

Whether there be a third factor, i. e. whether muscles for instance are

governed by so-called trophic nerves which affect their nutrition directly

in some other way than by influencing either their blood-supply or activity,

must at present be left luulecided.

Muscles exhausted by prolonged action may have their irritability

temporarily restored by passing through them for some time a constant

current.

In exhausted muscles the elasticity is much diminished ; the tired

muscle returns less readily to its natural length than does the fresh

one.

The exhaustion due to contraction may be the result :— (1) Either

of the consumption of the store of really contractile material present

in the muscle. Or (2) of the accumulation in the tissue of the
products of the act of contraction. Or (3) of both of these causes.

The restorative influence of rest may be explained by supposing

^ Kronecker, Ludwig's Arhcitcn, 1871.
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that during tlie repose, either the internal changes of the tissue

manufacture new explosive material out of the comparatively raw

material already present in the fibres, or the immediate products of

the act of contraction undergo changes by which they are converted

iato comparatively inert bodies. A stream of fresh blood may exert

its restorative influence not only by quickening the above two events,

but also by carrying off the immediate waste products while at the

same time it brings new raw material. It is not known to what

extent each of these parts is played. That the products of contrac-

tion are exhausting in their effects, is shewn by the fact that ex-

hausted muscles are recovered by the simple injection of inert saline

solutions into their blood-vessels ; and that such bodies as lactic acid

injected into a muscle cause rapid exhaustion. One important

element brought by fresh blood is oxygen. This, as we have seen,

is not necessary for the carrying out of the actual contraction, and

yet is essential to the maintenance of irritability. It is probably of
"

use as what may be called intra-molecular oxygen^ in preparing the

explosive material whose decomposition gives rise to the carbonic

acid, and other products of contraction.

It is stated by Kronecker^ that oxygen, not in the form of oxyhsemo-

globin, but administered roughly in the form of an injection of permanga-

nate of potash, restores the irritability of exhausted muscle.

After prolonged artificial excitation of a muscle within the body the

exhaustion is accompanied or rather followed by histological changes of the

nature of degeneration.

Theory of Muscle and Nerve. The above considerations shew that

when a muscle is thrown into contraction by a stimulus applied to a nerve

three distinct events take place.

1. The generation and propagation of the nervous impulse along the

nerve.

2. The conversion of the nervous impulse into a muscle-impulse, and

the propagation of the latter along the muscular fibre.

3. The contraction started by and following upon the muscle-impulse.

The two former are very similar to each other, differing only in minor

details. They are characterized by the prominence of an electrical current,

by the absence of any change in the total form of the structures, and by the

insignificance of the chemical changes.

The development of the electrical cuiTent is at present very imperfectly

understood. Du Bois-E.eymond has put forward the hypothesis that both

muscle and nerve are made up of electrical molecules, in each of which the

two ends are negative relatively to the equator. These are so disposed as

to join in producing the total currents of the whole muscle, very miich as a

number of small magnets with their individual north and south poles may
be built up into a large magnet with its one noi"th and one south pole.

1 Compare Bk. ii. chap. ii. sec. 5. The Respu'atory changes in the Tissues,

^ Ludwig's Arbeiten, 1871.
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During a nervous'or muscle-impulse it is supposed that tlie activity of these

molecules is, in some way or other, lessened. In order to explain the

phenomena of electrotonus Du Bois-Reymond further supposes that each

of these molecules consists of two parts, the two positive portions of the

two parts being in contact in the middle, so that the two ends of the

molecule are still negative, as indicated in Fig. 15 A. When the nerve or

Fig. 15. Diagram to Illustrate Du Bois-Eetmond's Theory of Electrical Mole-
cules IN Nerve and Muscle.

A reprei3ents the natural muscle or nerve current. LS, the longitudinal (positive)

section ; Q,S, the transverse (negative) section.

B, the nerve during electrotonus. The arrows indicate the direction of the currents.

muscle is polarized one element of each molecule is reversed in the direction

of the polarizing current, and the whole activity of the molecules con-

sequently directed to produce a current in the same direction, Fig. 15 B.

The objections to this hypothesis are, that complicated additions have to

be made to explain why a perfectly fresh uninjured muscle exhibits little

or no amount of current and yet may give a powerful negative variation,

and that in a nerve the negative variation may exceed by two or three times

the natural current. The alternative view of Hermann has already beea

referred to, p. 53. It need hardly be added, that inasmuch as the galvano-

meter-needle is permanently deflected so long as the electrodes of the gal-

vanometer are in contact with the two points of different potential, the

difference of jjotential of these points must be maintained at the expense

of some form of energy within the muscle or nerve, for instance by chemical

changes.

All the features of an impulse-wave either in muscle or nerve, more
especially its rate of progression, shew that the electrical phenomena are in

I'eality tokens of molecular changes in the tissue much more complex than

those necessary for the propagation of a mere electrical current. An
electrical current travels very much faster than a nervous impulse. It has

more than once been insisted that electrical continuity is insufficient for

the propagation of a nervous impulse : vital continuity is essential to its

progress. The actual amount of enei'gy developed by a most powerful

nervous impulse is exceedingly slight, and hence chemical changes,

insignificant in amount, may be the cause of all the phenomena, and yet

remain too slight to be readily recognised. The muscular contraction

itself is essentially a translocation of molecules. Thus if a portion of a

muscular fibre be represented in a state of rest by four rows of molecules
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^900 with four abreast in each. I'ow, the stage of

99900#000009 contraction might be shewn by two rows of

••••09O9OO9O eight abreast, Fig. 1 6. Whatever be the exact

tt O O O way in which this translocation is effected,

^^S" ^^'
it is filndamentally the result of a chemical

change, of what we have already seen to be an explosive decomposition of

certain parts of the muscle-substance. The energy which is expended in

the mechanical work done by the muscle has its source in the latent

energy of the muscle-substance set free by that explosion. Concerning

the nature of that exj)losion we only know at present that it results in

the production of carbonic and lactic acids, and that heat is set free as

well as the specific muscular energy. There is a general parallelism be-

tween the amount of decomposition, the quantity of carbonic (and lactic)

acids produced, and the amount of energy set free. The greater the deve-

lopment of carbonic acid, the larger is the contraction and the higher the

temperature. It has not been possible hitherto to draw up a complete

equation between the latent energy of the material and the two forms of

actual energy set free. By an approximate calculation Helmholtz has

arrived at the conclusion that in the human body one-fi.fth of the energy

of the material goes out as mechanical work, thus contrasting favourably

with the steam-engine, in which it hardly ever amounts to more than one-

tenth. Nor can we at present say that it has been experimentally verified

in any given contraction that the mechanical work is done at the expense of

the heat which would be otherwise given out. Thus if of two muscles A
and B, A be not loaded and B loaded before a contraction and unloaded at

the height of contraction, it is obvious that A does no work, for the muscle

returns to its previous condition, while B does work, the more so the

heavier the load and the more frequently it is raised. If now both A
and B are excited by the same stimulus to equal contractions, the tempera-

ture of A ought to rise more than B, because of the same energy set free in

each, some goes out as work in B, but in A none goes out as work, and
all escapes as heat. Experiment shews, on the contrary, that B is the warmer
of the two, the reason being that the tension caused by the load increases

all the chemical changes in the muscle (as shewn by the increased pi'oduc-

tion of carbonic acid), and thus increases the total energy set free. If A
and B be equally loaded, and while A does no work, the load remaining on
all the time, the load of B is removed at the height of contraction, it is then

found that A becomes the warmer of the two. This experiment is not

without objection; for A is (immediately after the contraction) stretched by
its load, and so its chemical changes still increased, whereas B is not; and
Heidenhain has shewn that this is sufficient to account for A being the

warmer.
Of the exact nature of the chemical changes we know nothing. As

has been already stated (p. 58), there is no evidence of nitrogenous pro-

ducts being given off as waste; such nitrogenous crystalline bodies as are

present in muscle, kreatin, &c., may be regarded as the wear and tear of the

machine, and not as products of the material consumed in the work.

Yet it is hardly consonant with what we know elsewhere, to suppose that

the contraction of a muscular fiibre has for its essence the decomposition

of a non-nitrogenous substance; and we may suppose that the explosion

does involve some uiti'Ogenous products, which however are retained within
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the tissue, and used up again. Hermann, insisting on the analogy between
muscular contraction and rigor mortis, has suggested the existence of a
hypothetical inogen which during a contraction splits up into carbonic acid,

lactic acid, and a nitrogenous body. He further supposes the nitrogenous

body to be myosin, which however, while still in the form of a gelatinous

clot, is redissolved and reconverted into inogen. But the fact that myosin
has probably antecedents like those of fibrin, and is not formed directly as

a product of the decomposition of a more complex body, and especially the

fact that while in rigor mortis extensibility is diminished, in a contraction

it is increased, seem insuperable objections to this view. It may be worth
while to point out that during even the most complete repose muscle is

undergoing chemical changes, which, as far as we know, are the same in

kind, and only difiier in degree from those characteristic of a contraction.

Thus carbonic acid is constantly being produced, and probably lactic acid,

both being got rid of as they form, just as they ai'e got rid of in larger

quantities during the repose which follows contraction. Supposing the

existence of a substance which splits up into these various products, and
which we may speak of as the true contractile material, it is evident that

this material being thus constantly used up, must be as constantly repaired.

Thus a stream of chemical substances may be conceived of as flowing

through muscle, the raw material brought by the blood' being gradually

converted into true contractile stufi", the breaking-down again of which is

gentle and gradual so long as the muscle is at rest ; when a contraction

takes place, the decomposition is excessive and violent. When rigor mortis

sets in, the whole remaining contractile material is decomposed. It has
been already stated that according to Hermann the total quantity of car-

bonic and probably of lactic acid produced after removal from the body is

the same whether contraction takes place or no, the material for the con-

traction being apparently taken away from that destined for rigor mortis.

This means that the manufacture of time contractile material is suddenly
arrested immediately on the cessation of the blood-curreut, no more being

afterwards formed. Such a state of things is qiiite contrary to our general

physiological experience, and there are other facts which render it doubtful.

Lastly, it may be mentioned that no definite explanation can be given
of the connection between the microscopic structui-e of a striated muscular
fibre and its contraction. Striation is characteristic of muscles whose con-

traction is rapid, but the exact purpose of the strise remains as yet

unknown.
It was Haller^ who laid the foundations of our knowledge of the

Physiology of Muscle and Nerve by establishing the doctrine of muscular
and nervous irritability. The most important i-esults since that time have
been those gained by the investigations of Weber^ on the physical changes

which attend a muscular contraction, of Du Bois-Reymond'' on the elec-

trical phenomena of muscle and nerve, of Helmholtz* on the velocity of

nervous impulses, and on the relative duration of the several phases of a

^ Together -with certain nitrogenous elements still remaining in the muscle,
according to the view explained above.

" De Part. Corp. Hum. sentientihus et irritahilibus, 17o3.
^ Mushdhewegimg, Wagner's Handworterbuch.
* Untersuch. ii. thierische Electricitlit. 18-48—60.
5 Miiller's Archiv, 1850. BericUte Berlin. Acad. 1854, 1864.

F. P. 6
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contraction, of Pfliiger' on electrotonus, of Ktihne^ on the chemistry of

xaiiscle, and of Hermann^ on the respiration of muscle. The researches of

other and more recent authors are quoted in the previous text.

Sec. 3. Unstriated Muscular Tissue.

Our knowledge of tlie phenomena of these structures is very im-
perfect, since (in vertebrates) they do not exist in isolated masses,

like the striated muscles, but occur as constituents of complex organs,

such as the intestine, ureter, uterus, &c. They undergo rigor mortis :

and what little information we do possess concerning their chemical

and physical features leads us to believe that the processes which
take place in them are fundamentally identical with those occurring

in striated muscle, the two differing in degree rather than in kind.

When stimulated, they contract. If a stimulus, mechanical or elec-

trical, be applied to the intestine or ureter of a mammal, a circular

contraction is seen to take place at the spot stimulated. The con-

traction, which is preceded by a very long latent period, lasts a very

considerable time, in fact several seconds, after which relaxation slowly

takes place. That is to say, over the circularly dispersed fibres of the
intestine (or ureter) at the spot in question there has passed a con-

traction-wave remarkable for its long latent period and for th6 slow-

ness of its development. From the spot so directly stimulated, the

contraction may pass as a wave (with a length of 1 cm. and a velocity

of from 20 to 30 millimetres a second in the ureter*), along the circular

coat both upwards and downwards. The longitudinal fibres at the

spot stimulated are also thrown into contractions of altogether similar

character, and a wave of contraction may also travel longitudin-

ally along the longitudinal coat both upwards and downwards. It

is evident however that the wave of contraction of which we are now
speaking is in one respect different from the wave of contraction

treated of in dealing with striated muscle. In the latter case the

contraction-wave was one propagated along the individual fibre ; in

the case of the intestine or ureter, the wave is one which is propa-

gated from fibre to fibre, both in the direction of the fibres, as when
the whole circumference of the intestine is engaged in the contraction,

or when the wave travels longitudinally along the longitudinal coat,

and also in a direction at right angles to the axes of the fibres, as

when the contraction-wave travels lengthways along the circular coat

of the intestine, and passes across a breadth of the longitudinal coat.

Putting aside this difference, however, it is obvious that a contraction-

wave passing along even a single unstriated fibre also diff'ers from
that passing along a striated fibre, in the very great length both of

its latent period and of the duration of its contraction.

^ Untersuch. u. d. Physiologie des Electrotonus, 1859.
^ Frotoplasma, 1864.
=* Stoffwechsel im Mushel, 1867—8.
4 Eugeliiiaun. Pfliiger's Archiv, ii. (1869) 243.
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If the stimulus be severe when mechanical, or if the interrupted current

be used as a stimulus, the duration of contraction may be still further pro-

longed ; but there is no evidence that a series of contractions are fused into

a tetanus, as is the case in the striated muscles.

The unstriated muscles seem to be remarkably susceptible to the influ-

ences of temperature. Thus according to Horvath ' the unstriated muscles

of the trachea will not contract at a temperature below 12° C. and are most

active at a temperature above 21" C. So also the movements of the intestine

cease at a temperature below 19" C.

Waves of contraction thus passing along the circular and longitu-

dinal coats of the intestine give rise to what is called peristaltic

action.

In striking contradistinction to what takes place in the striated

muscles, automatic movements are exceedingly common in struc-

tures built up of non-striated muscles ; these moreover exhibit a
great tendency to rhythmic action. Thus the peristaltic action of

the intestine and ureters, and the corresponding movements of the

uterus, are at once rhythmic, and largely automatic. How far the

automatism and the rhythm are due to nervous elements is uncertain.

Engelmann^ has shewn that the middle third of the ureter in the

rabbit contains no discoverable nervous structures, yet this portion exhibits

automatic rhythmic conti-actions. It is worthy of notice, that, in the

absence of all nerves, the propagation of the contraction-wave must, in this

part of the lu-eter, be carried on by the simple contact of the adjacent

surface of the fibres (which, as is known, possess no sarcolemraa). The
fibres, by their complete contact, are 'physiologically continuous with each

other.

Sec. 4. Cardiac Muscles.

The most important features of this form of contractile tissue will

be studied, when we come to deal with the heart. It will be seen

that they are intermediate between ordinary skeletal and non-striated

muscles.

Sec. 5. Cilia.

Ciliary movement consists in the rapid flexion (into a sickle or

hook-form) of the cilium and its less rapid return to its previous

straight form'. The diminished velocity of the return leads to the

force of the ciliary action being exerted in the same direction as the

flexion. The cause of the flexion is the contraction of the cilium,

and the return seems to be an elastic reaction ; all attempts to ex-

plain the movements by events occurring at the base of the cilium

have failed. Ciliary movement seems therefore to differ from ordi-

nary muscular contraction chiefly in the size of the apparatus con-

cerned. The movement is exceedingly rapid : thus Engelmann' has

Pfluger's ArcMv, xiii. (1876) 508. "^ Op. cit.

'^ Ueber die Flimmerbewegung, p. 22 (1868).

6—2
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estimated that in the frog the flexions are repeated at least twelve

times in a second. The movement in fact is too rapid to be visible
;

it can only be seen at a time when exhaustion and coming death

have begun to retard the action ; thus Engelmann found that he was
first able to count them when their rapidity declined to eight in a

second. The tail of a spermatozoon is practically a single cilium.

The cilia on any given surface work not only all in the same direction,

but in such harmony as to produce a definite flow in the fluid covering the

surface. If several cilia, or the cilia of several cells of the same surface,

worked at difierent times they would produce nothing more than a series

of small whirlpools. Cilia are in fact coordinated ; but since no nervous

mechanism whatever is present, the coordination can only take place

through the several cells being, like the unstriated fibres spoken of just

now, physiologically continuous.

In the vertebrate animal cilia are as far as we know wholly inde-

pendent of the nervous system,, and their movement is probably

ceaseless. In such animals however as Infusoria, Hydrozoa, &c. a

ciliary tract may often be seen to stop and go on again, to move fast

or slow, according to the needs of the economy, and, as it almost

seems, according to the will of the animal. Observations with gal-

vanic currents, constant and interrupted, have not led to any satis-

factory results, and, as far as we know at present, ciliary action is

most affected by changes of temperature and chemical media. Heat
quickens, cold retards. Very dilute alkalis are favourable, acids are

injurious. An excess of carbonic acid or an absence of oxygen arrests

the movements, either temporarily or permanently, according to the

length of the exposure. Chloroform in slight doses suspends the

action temporarily, in excess kills and disorganises the cells.

Sec. 6. Migrating Cells.

An amoeboid movement of a white corpuscle is essentially a form

of contraction. In the contraction of a muscular fibre the movement
of protoplasm is definite and fixed, being at right angles to the long

axis of the fibres, and thus bringing about shortening and thickening.

The movement of protoplasm in an amoeba is irregular, and may take

place in any direction.

All the circumstances which affect muscular contraction, heat,

absence or presence of oxygen and carbonic acid, &c., also affect

protoplasmic movements. The white corpuscles, like muscular fibres,

suffer rigor mortis, in which state they become spherical.

The complete analogy between muscular fibre and white corpuscle is

rendered difficult by the fact that complete rest of the corpuscle and
universal contraction of the corpuscle both result in the maintenance of the

same spherical form. The movement of a white corpuscle is dependent on

a flow, on a contraction, of some part. If the whole corpuscle sufiers the

change which occurring in any part would lead to a movement in that

part, no outward visible change takes place, just as a set of carefully

balanced muscles would remain as motionless during contraction as during

rest. <



CHAPTER III.

THE FUNDAMENTAL PEOPEETIES OF
NERVOUS TISSUES.

In its simplest, and probably earliest form, a nerve is nothing more
than a thin strand of irritable protoplasm, forming the means of

vital communication between a sensitive ectodermic cell exposed to

extrinsic accidents, and a muscular, highly contractile cell (or a

muscular process of the same cell) buried at some distance from the

surface of the body, and thus less susceptible to external influences.

(Fig. 17, A, B.) If in Hydra, we imagine the junction of the ectodermic

Fig. 17. Diagkam to illustrate the Simplest Fokms of a Nervous Systeii.

A. An ectoderm cell e c, witli its musetilar process mj}, as in Hydra.
B. The ectoderm cell ec is connected with the muscle cell me by means of the

primary motor nerve m n.

C. The differentiated sensitive cell so is connected by means of the sensory nerve

.s 11 with the central cell c c, which is again connected by means of the motor
nerve m n with the muscle cell m e.
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muscular process with the body of its cell to be drawn out into a

thin thread (as is said to be the case in some other Hydrozoa), we
should have just such a primary nerve. Since there would be no
need for such a means of communication to be contractile and
capable of itself changing in form, but on the other hand an advan-

tage in its remaining immobile, and in its dimensions being reduced

as much as possible consistent with the maintenance of irritability,

the primary nerve would in the process of development lose the pro-

perty of contractility in proportion as it became more irritable, i.e.

more apt in the propagation of the waves of disturbance arising in

the ectodermic cell\

We have already seen that automatism, i.e. the power of initiating

disturbances or vital impulses, independent of any immediate dis-

turbing event or stimulus from without, is one of the fundamental
properties of protoplasm. In simpler but less exact language, such
a mass of protoplasm as an amoeba, though susceptible in the highest

degree to influences from without, ' has a will of its own ;' it executes

movements which cannot be explained by reference to any changes in

surrounding circumstances at the time being. A hydra has also a

will of its own ; and seeing that all the constituent cells (beyond the

distinction into ectoderm and endoderm) are alike, we have no reason

for thinking that the will resides in one cell more than in another,

but are led to infer that the protoplasm of each of the cells (of the

ectoderm at least) is automatic, the will of the individual being
the co-ordinated wills of the component cells. In both Hydra and
Amoeba the processes concerned in automatic or spontaneous im-
pulses, though in origin independent of, are subject to and largely

modified by, influences proceeding from without. Indeed the great

value of automatic processes in a living body depends on the

automatism being affected by external influences, and on the simple
effects of stimulation being profoundly modified by automatic action.

The next step of development beyond Hydra, is evidently to

differentiate the single (ectodermic) cell into two cells, of which
one, by division of labour, confines itself chiefly to the simple
development of impulses as the result of stimulation, leaving to the
other the task of automatic action, and the more complex transforma-

tion of the impulses generated in itself. The latter, which we may
call the eminently automatic cell (though much of the work which it

has to do is of the kind we shall presently speak of as reflex action),

will naturally be withdrawn from the surface of the body, while the
other, which we may call the eminently sensitive cell, will still retain

its superficial position, so that it may most readily be affected by all

changes in the world without, Fig. 17 C. And just as a primary
motor nerve arises as a retained thread of communication between a
sensitive cell and its muscular process, so a primary sensory nerve
may be conceived of as arising as a thread of communication between

1 See the valuable observations of Eomanes on the movements of the Hydrozoa.
riiil. Trans. 1876—77.
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an eminently sensitive cell, and its twin the eminently automatic or

central cell. By this arrangement the sensitive cell, relieved of the

heavy burden of spontaneous action, is enabled to devote itself with
greater vigour to the reception of external influences ; while the au-

tomatic cell, no longer hampered by the physical necessities of being

which are imposed on the superficial cell, exposed as this is to every

wind and wave, but secure in its internal retreat, is able with similar

increased energy, to devote itself either to the production of spon-

taneous impulses, or to profoundly modifying the impulses which it

receives from the sensitive cell. Naturally the muscular process or

muscular fibre would on the splitting of the original single cell

remain in connection with the more eminently automatic. We thus

arrive at that triple fundamental arrangement of a nervous system,

in its simplest form, viz. a sensitive cell on the surface of the body
connected by means of a sensory nerve with the internal automatic

central nervous cell, which in turn is connected by means of a motor
nerve with the muscular fibre-cell.

We have already seen that the physiology of the motor nerve

cannot without inconvenience be separated from that of the muscular
fibre. In the same way the physiology of the sensory nerve cannot

well be separated from those modifications of superficial sensitive

cells which constitute the organs of sense. We may add that the

special physiology of the central nervous cells can only profitably be
studied in connection with the sensory organs. In the present

chapter, therefore, we purpose to confine ourselves to the consider-

ation of the simplest and most general properties of the central

nervous cells.

These are arranged in the vertebrate body in two great systems

:

the cerebrospinal axis, and the various ganglia scattered over the

body; we shall deal with such properties only as are more or less

common to the two systems. We may premise that as far as our

knowledge at present goes, the processes which are concerned in the

propagation of nervous impulses along a sensory nerve-trunk are

identical with those which take place in a motor nerve-trunk. The
phenomena of the natural nerve-current, of the negative variation

during the passage of an impulse and of electrotonus (and these

facts mark out, as we have seen, the limits of our information on this

matter), are exactly the same, whether the piece of nerve-trunk

experimented on be a mixed nerve-trunk, or an almost purely motor,

or an almost purely sensory nerve-trunk, or an anterior or posterior

nerve-root, or the special sensory nerve of a particular sense, such as

the optic nerve. In both sensory and motor nerves the changes

accompanying a nervous impulse are transmitted equally well in

both directions.

We seem justified in concluding that the events which occur in

a sensory nerve when it is an instrument of sensation, differ from

those which take place in a motor nerve when that is an instrument

of movement, only so far as the sensory impulses are generated by
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particular processes whicli bear the stamp of the sensory cell in Avhich

they originated, while the motor impulses are generated by particular

processes which bear the stamp of the central nervous cells in which
they in turn originated. Just as in a muscle-nerve preparation the

phenomena seen in a nerve-trunk differ according as the stimulus

happens to be a constant current, or an interrupted current, or a
chemical body, though they are essentially but slightly varied com-
binations of the same fundamental processes, so in a mixed nerve-

trunk the phenomena differ according as the nervous impulses are

set going by the action of a central nerve-cell, or by some agent
acting directly on the nerve, or by some affection of this or that

particular form of sensory cell forming part of a sense-organ. Blue
and red seem to us quite different things

;
yet they differ in degree

only—in the wave-length of their respective rays. The various

forms of sensory impulses probably differ from each other and from
the various forms of motor impulses in a somewhat similar way as

does blue from red.

In the scheme sketched out above, the same central nervous cell

is supposed to be engaged at once, both in originating automatic
actions and in modifying sensory impulses {i.e. impulses proceeding
from the superficial sensitive cells), previous to these being passed on
to the muscular fibre. It is evident that, where two or more central

nervous cells occur together, a further differentiation would be of

advantage : a differentiation into cells which, though still susceptible

of being influenced from without, should be more especially restricted

to automatic action, and into cells which should forego their auto-

matism for the sake of being more efficient in modifying sensory

impulses, with a view of transmuting them into motor impulses, and
so of giving rise to appropriate movements. We thus gain the funda-
mental and primary differentiation of the work of a central nervous
system into automatic and into reflex operations. These are very
clearly manifested by the brain and spinal cord, and j)robably also,

though this is less certain, by the sporadic ganglia.

Automatic actions. In the vertebrate animal the highest form
of automatism, individual volition, with which conscious intelligence

is associated, is a function of certain parts of the brain. There are

evidences of the existence in the brain of other forms of automatism.
All these will be considered in detail hereafter.

In the spinal cord separated from the brain by division of the
medulla oblongata, it becomes difficult to draw a line between purely
automatic and reflex actions. Thus, when we come to deal with
Respiration, we shall see that while there can be no doubt that the
muscular respiratory apparatus is kept at work by impulses pro-

ceeding, in a rhythmic manner, from a group of nerve-cells, or

respiratory nervous centre, in the medulla oblongata, it is an open
question whether those impulses whose generation is certainly

modified by centripetal impulses passing to the centre along various



Chap, iil] PROPERTIES OF THE NERVOUS TISSUES. 89

nerves, are absolutely automatic: i.e. whether they can continue to

make their appearance when no influences whatever from without
are brought to bear upon the centre. Similar doubts hover round
other automatic functions of the spinal cord. We shall see hereafter

reasons for speaking of the existence in the medulla oblongata of

a vaso-motor centre, that is of a group of nerve-cells, whence im-
pulses habitually proceed along the so-called vaso-motor nerves

to the muscular coats of the small arteries, and keep these vessels

in a state of semi-contraction or tone. Here too it is dovibtful

whether these motor or efferent impulses can be generated in the

absence of all sensory or afferent impulses. The posterior lymphatic
hearts of the frog are connected by the small tenth pair of spinal

nerves with the grey matter of the termination of the spinal cord,

in such a manner that destruction of that part of the spinal cord or

section of the tenth nerves apparently puts an end to the rhythmic
pulsations of the lymphatic hearts. Here it would seem as if

rhythmic impulses were automatically generated in the lower end of

the cord, and proceeded along the efferent nerves to the hearts, thus
determining their rhythmic pulsations. But if it be true, as asserted,

that the rhythmic pulsations, though arrested for a time by sever-

ance of the nerves, or destruction of the lower end of the cord, are

after a while resumed, then these, too, can be no longer counted
among the automatic phenomena of the cord. And so in other

instances which we shall meet with in the course of this book. The
existence of automatism, then, even of this comparatively simple

character, is at least doubtful. That all higher automatism com-
parable at least to that of the cerebral hemispheres is absent, may
be regarded as certain.

In the sporadic ganglia the evidence of automatic action seems
more clear, and yet is by no means absolutely decisive. The beat of

the heart is a typical automatic action : and, since the heart will

continue to beat for some time when isolated from the rest of the

body (that of a cold-blooded animal continuing to beat for hours, or

even days), its automatism must lie in its own structures. When,
however, we come to discuss the beat of the heart in detail, we shall

find that it is still an open question whether the automatism is

confined to the ganglia (either of the sinus venosus, auricles, or

auriculo-ventricular boundary), or shared in by the muscular tissue

:

whether, in fact, the automatism is a muscular automatism like that

of a ciliated cell, or the automatism of a differentiated nerve-cell.

And yet the heart is the case where the automatism of the ganglia

seems clearest.

The peristaltic contractions of the alimentary canal are automatic
movements ; we cannot speak of them as being simply excited by
the presence of food in the canal, any more than we can say that the

beat of the heart is caused by the presence of blood in its cavities.

When absent they may be set agoing, and when present may be
stopped without any change in the contents of the canal. They may,
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of course, be influenced by the contents, just as the beat of the heart

is influenced by the quantity of blood in its cavities. Throughout
the intestines are found the plexus of Auerbach and that of Meissner

;

to each or both of these the automatism of the peristaltic movements
has been referred. Yet in the ureter, whose peristaltic waves of con-

traction closely resemble that of the intestine, automatism is evident

in the middle third of its length; in which region, according to

EngelmannS ganglia are entirely absent.

Thus, while in the spinal cord there is doubt whether purely

automatic, as stringently distinguished from reflex, actions, take

place, in the case of the sporadic ganglia the uncertainty is whether

the clearly automatic movements of the organs with which the

ganglia are associated are due to the nerve-cells of the ganglia, or to

the muscular tissue itself.

Reflex actions. The spinal cord offers the best and most nume-
rous examples of reflex action. In fact, reflex action may be said

to be, par excellence, the function of the spinal cord ; and the grey

matter of the spinal cord may be broadly considered as a multitude

of reflex centres. We have here to consider the cord merely in its

general aspects ; and must postpone the special consideration of the

particular forms of reflex action which it exhibits, as they come before

us in various connections, or until we have to deal with it as part

of the great central nervous machinery.

In its simplest form a reflex action is as follows. All the ma-
chinery it demands is (a) a sentient surface (external or internal),

connected by (h) a sensory, or—to adopt the more general and
better term—afferent nerve, with (c) a central nerve-cell or group
of connected nerve-cells, which is in relation by means of {d) a motor,

or efferent, nerve, or nerves, with (e) a muscle, or muscles, or some
other irritable tissue-elements, capable of responding by some change
in their condition, to the advent of efferent impulses. The afferent

impulses started in a, passing along 6, reach the centre c, are there

transmuted into efferent impulses, which, passing along d, finally

reach e, and there produce a cognisable effect. The essence of a
reflex action consists in the transmutation, by means of the irritable

protoplasm of a nerve-cell, of afferent into efferent impulses. As an
approach to a knowledge of the nature of that transmutation, we
may lay down the following propositions.

The number, intensity, character and distribution of the efferent

imjMlses is determined chiefly by the events which take place in the

protoplasm of the reflex centre. It is not that the afferent impulse is

simply reflected in the nerve-cell, and so becomes with but little

change an efferent impulse. On the contrary, an afferent impulse

passing along a single sensory fibre may give rise to efferent impulses

passing along many motor nerves, and call forth the most complex
movements. An instance of this disproportion of the afferent and

1 PflUger's Archiv, ii. 243.
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efferent impulses is seen in the case where the contact with the

glottis of a foreign body so insignij&cant as a hair causes a violent

fit of coughing. Under such circumstances a slight contact with

the mucous membrane, such as could not possibly give rise to any-

thing more than few and feeble impulses, may cause the discharge of

so many efferent impulses along so many motor nerves, that not only

all the respiratory muscles, but almost all the muscles of the body,

are brought into action. A similar though less striking incommen-
surateness between the afferent and efferent impulses is seen in

every reflex action. In fact, the afferent impulse when it reaches

the protoplasm of the nerve produces there a series of changes, of

explosive disturbances, which, except that the nerve-cell does not in

any way change its form, may be likened to the explosive changes in

a muscle on the arrival of an impulse along its motor nerve \ The
changes in a nerve-cell during reflex action, we might say during its

activity, far more closely resemble the changes during a muscular
contraction than those which accompany the passage along a nerve of

either an afferent or efferent impulse. The simple passage along

a nerve is accompanied by little expenditure of energy; it neither

gains nor loses force to any great extent as it progresses. The trans-

mutation in a nerve-cell is most probably (though the direct proofs

are perhaps wanting) accompanied by a large expenditure of energy,

and a simple nervous impulse in suffering this transmutation in a

central nervous organ may accumulate in intensity to a very remark-
able extent, as in the case of strychnia poisoning.

The nature of the efferent impulses is, however, determined also hy
the nature of the afferent impulses. The nerve-centre remaining in

the same condition, the stronger or more numerous impulses will give

rise to the more forcible or more comprehensive movements. Thus
if the flank of a brainless frog be very lightly touched, the onl}'"

reflex movement which is visible is a slight twitching of the muscles

lying immediately underneath the spot of skin stimulated. If the

stimulus be increased, the movements will spread to the hind-leg of

the same side, which frequently will execute a movement calculated

to push or wipe away the stimulus. By forcibly pinching the same
spot of skin, or otherwise increasing the stimulus, the resulting move-
ments may be led to embrace the fore-leg of the same side, then the

opposite side, and finally, almost all the muscles of the body. In
other words, the disturbance set going in the central nerve-cells,

confined when the stimulus is slight to a few nerve-cells and to a
few nerve- fibres, overfows, so to speak, when the stimulus is in-

creased, on to a number of adjoining and (we must conclude) con-

nected cells, and thus throws impulses into a large and larger

number of efferent nerves.

Certain relations may he observed between the sentient spot stimu-

lated and the residting movement. In the simplest cases of reflex

1 The question as to how far these processes in the central cells are connected with
the development of conscioiisness is here purposely passed over.
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action this relation is merely that the muscles thrown into action are

those governed by a motor nerve which is the fellow of the sensory

nerve, the stimulation of which calls forth the movement. In the

more complex reflex actions of the brainless frog, and in other cases,

the relation is of such a kind that the resulting movement bears an
adaptation to the stimulus; the foot is withdrawn from the sti-

mulus, or the movement is calculated to push or wipe away the

stimulus. In other words, a certain purpose is evident in the reflex

action.

Thus in all cases, except perhaps the very simplest, the move-
ments called forth by a reflex action are exceedingly complex, com-
pared with those which result from the direct stimulation of a motor
trunk. When the peripheral stump of a divided sciatic nerve is

stimulated with the interrupted current, the muscles of the leg are at

once thrown into tetanus, continue in the same rigid condition

during the passage of the current, and relax immediately on the

current being shut off. When the same current is applied for a
second only, to the skin of the flank of a brainless frog, the leg is

drawn up and the foot rapidly swept over the spot irritated, as if to

wipe away the irritation ; but this movement is a comjDlex one, re-

quiring the contraction of particular muscles in a definite sequence,

with a carefully adjusted proportion between the amounts of contrac-

tion of the individual muscles. And this complex movement, this

balanced and arranged series of contractions, may be repeated more
than once as the result of a single stimulation of the skin. When
a deep breath is caused by a dash of cold water, the same co-

ordinated and carefully arranged series of contractions is also seen to

result, as part of a reflex action, from a simple stimulus. And many
more examples might be given.

In such cases as these, part of the complexity may be due to the

fact that the stimulus is applied to terminal sensory organs and not

directly to a nerve-trunk. As we shall see in speaking of the senses,

the impulses which are generated by the application of a stimulus to

a sensory organ are more complex than those which result from the

direct stimulation of a sensory nerve-trunk. Nevertheless, reflex

actions of great if not of equal complexity may be induced by stimuli

applied directly to a nerve-trunk. We are therefore obliged to con-

clude that in a reflex action, the processes which are originated in the

central nerve-cells by the arrival of simple impulses along afferent

nerves may be highly complex ; and that it is the constitution and
condition of the nerve-cells which determine the complexity and
character of the movements which are effected. In other words, the

central nerve-cells concerned in reflex actions are to be regarded as

constituting a sort of molecular machinery, the character of the re-

sulting movements being determined by the nature of the machinery
set going and its condition at the time being, the character and
amount of the afferent impulses determining exactly what parts of

and how far the central machinery is thrown into action.
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Actions of Sporadic Ganglia. Seeing that in the spinal cord,

the nerve-cells undoubtedly are the central structures concerned in

the production of reflex action, it is only natural to infer that the

nerve-cells of the sporadic ganglia possess similar functions. Yet the

evidence of this is at present of very limited extent. With regard to

the ganglia on the posterior roots of the spinal nerves, all the evi-

dence goes to shew that these possess no power whatever of reflex

action. Of the larger ganglia visible to the naked eye, such as the

ciliary, otic, &c., we have indications of reflex action in one only,

viz. the submaxillary, and these indications are, as we shall see in

treating of the salivary glands, disputed. We have no exact proof

that the ganglia of the sympathetic chain, or of the larger sympa-
thetic plexuses, are capable of executing reflex actions.

In fact, in searching for reflex actions in s^ano-lia, we are reduced

to the small microscopic groups of cells buried in the midst of the

tissues to which they belong, such as the ganglia of the heart, of the

intestine, the bladder, &c. When a quiescent frog's heart is stimu-

lated by touching its surface, a beat takes place. This beat is, as we
shall see, a complex, co-ordinated movement, very similar to a reflex

action brought about by means of the spinal cord ; and in its produc-

tion it is probable that the cardiac ganglia are in some way
concerned. When a quiescent intestine is touched or otherwise

stimulated, peristaltic action is set up. Here again the ganglia

present in the intestinal walls may be supposed to play a part

;

but this movement is much more simple than the beat of the heart,

and as regards it, and more especially as regards the similar

peristaltic action of the ureter, it becomes difficult to distinguish

between a movement governed by ganglia, and one produced by
direct stimulation of the muscular fibres. We have seen that

the great distinction between a reflex action and a movement
caused by direct stimulation of a nerve or of a muscle lies in the

greater complexity of the former ; and we may readily imagine,

that by continued simplification of the central nervous machinery,

the two might in the end become so much alike as to be almost

indistinguishable.

In the vertebrate animal then the chief seat of reflex action

is the spinal cord and brain. We say 'and brain' because, as

we shall see later on, the brain, in addition to its automatism,

is as busy a field of reflex action as the spinal cord.

Inhibition. In speaking of reflex action, we took it for granted
that the spinal cord was, at the moment of the arrival of the

afferent impulses at the central nerve-cells, in a quiescent state

;

that the nerve-cells themselves were not engaged in any auto-

matic action. We were justified in doing so, because as far as

the muscles generally of the body are concerned, the spinal cord

is in a brainless frog perfectly quiescent; an afferent impulse

reaching an ordinary nerve-cell of the spinal cord does not find



94 INHIBITION. [Book i.

it preoccupied in any other business. But what happens when
afferent impulses reach a nerve-cell or a group of nerve-cells already

engaged in automatic action ?

We have already referred to an automatic respiratory centre

in the medulla oblongata. We may here premise, what we shall

shew more in detail hereafter, that the pneumogastric nerve is

peculiarly associated as an afferent nerve with this respiratory

centre. Now if the central end of the divided pneumogastric be
stimulated at the time when the respiratory centre is engaged
in its accustomed rhythmic action, sending out complex co-ordinated

impulses of inspiration (and of expiration) at regular intervals, one
of two things may happen, the choice of events being determined by
circumstances which need not be considered here.

The most striking event, and the one which interests us now,
is that the respiratory rhythm is slowed or stopped altogether.

That is to say, that afferent impulses which, under ordinary con-

ditions, would, on reaching a quiescent nervous centre, give rise

to movement, may, under certain conditions, when brought to

bear on an already active automatic nervous centre, check or stop

movement by interfering with the production of efferent impulses

in that centre. This stopping or checking an already present

action is spoken of as an ' inhibition
;

' and the effect of the

pneumogastric in this way on the respiratory centre is spoken of

as 'the inhibitory action of, the pneumogastric on the respiratory

centre.'

The other event is that the respiratory rhythm is accelerated.

We shall hereafter discuss the explanation of the two events. We
may however premise that according to one view the pneumo-
gastric contains among its afferent fibres two sets, which are either

of a different nature from each other, or are so differently connected

with the respiratory centre, that impulses arriving along one stop,

while those arriving along the other quicken, the action of that

centre. Hence, the one set are called 'inhibitory,' the other 'ac-

celerating' or 'augmenting' fibres. But Ave are concerned at present

only with the fact that the stimulation of a nerve may jaroduce

inhibitory or augmentative effects.

Similarly the vaso-motor centre in the medulla ma}'', by impulses

arriving along various afferent tracts, be inhibited, during which the

muscular walls of various arteries are relaxed ; or augmented, whereby
the tonic contraction of various arteries is increased.

The most striking instance of inhibition is offered by the heart.

If when the heart is beating well and regularly, the pneumogastric

be divided, and the peripheral portion be stimulated even for a very

short time with an interrupted current, the heart is immediately

brought to a standstill. Its beats are arrested, it lies perfectly

flaccid and motionless, and it is not till after some little time that

it recommences its beat. Here again it is usually said that the

pneumogastric contains efferent cardio-inhibitory fibres, impulses
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passing along wKich from the medulla stop the automatic actions

of the cardiac ganglia; the respiratory inhibitory fibres of the same
nerve are afferent, i. e. impulses pass along them up to the medulla.

Though inhibition is most clearly seen in the case of automatic

actions, other actions may be similarly inhibited. Thus, as we shall

see later on, the reflex actions of the spinal cord may, by appropriate

means, be inhibited.

To sum up, then, the most fundamental properties of nervous

tissues.

Nerve-fibres are concerned in the propagation only, not in the

origination or transformation, of nervous impulses. As far as is at

present known, impulses are propagated in the same manner along

both sensory and motor nerves. Sensory impulses differ from motor
impulses inasmuch as the former are generated in sensory organs

and pass up to the central nervous cells, while the latter pass

from the central nervous cells to the muscles or to some other peri-

pheral organs.

The operations of the nerve-cells are either automatic or reflex.

In both an automatic and a reflex action, the diversity and the

co-ordination of the impulses is determined by the condition of the

nerve-cells. During the passage of an impulse along a nerve-fibre,

there is no augmentation of energy ; in passing through a nerve-cell,

the augmentation may be, and generally is, most considerable.

When afferent impulses reach a centre already in action, the

activity of that centre may, according to circumstances, be either

depressed or exalted, may be 'inhibited' or 'augmented.'



CHAPTER IV.

THE YASCULAR MECHANISM.

In order that the blood may be a satisfactory medium of com-
munication between all the tissues of the body, two things are

necessary. In the first place, there must be through all parts of

the body a flow of blood, of a certain rapidity and general constancy.

In the second place, this flow must be susceptible of both general

and local modifications. In order that any tissue or organ may
readily adapt itself to changes of circumstance (action, repose, &c.),

it is of advantage that the quantity of blood passing to it should be
not absolutely constant, but capable of variation. In order that the
material equilibrium of the body may be maintained as exactly as

possible, it is desirable that the loading of the blood with substances

proceeding from the unwonted activity of any one tissue, should be
accompanied by a greater flow of blood through some excretory or

metabolic tissue by which these substances may be removed. Simi-
larly it is of advantage to the body that the general flow of blood
should in some circumstances be more energetic, and in others less

so, than normal.

The first of these conditions is dependent on the mechanical and
physical properties of the vascular mechanism ; and the problems
connected with it are almost exclusively mechanical or physical

problems. The second of these conditions depends on the inter-

vention of the nervous system; and the problems connected with it

are essentially physiological problems.

I. The Physical Phenomena of the Circulation.

The apparatus concerned in the Maintenance of the Normal
Flow is as follows:

1. The heart, beating rhythmically by virtue of its contractility

and intrinsic mechanisms, and at each beat discharging a certain

quantity of blood into the aorta. [For simplicity's sake we omit for

the present the pulmonary circulation.]

2. The arteries, highly elastic throughout, with a circular mus-
cular element increasing in relative importance as the arteries

diminish in size. It must not be forgotten that the muscular

element is also elastic.
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When an artery divides, the united sectional area of the branches

is, as a rule, larger than the sectional area of the stem. Thus

the collective capacity of the arteries is continually (and rapidly)

increasing from the heart towards the capillaries. If all the arterial

branches were fused together, they would form a funnel, with its apex

at the aorta. The united sectional area of the capillaries has been

calculated by Vierordt to amount to several (eight?) hundred times

that of the aorta.

3. The capillaries, channels of exceedingly small but variable

size. Their walls are elastic (as shewn by their behaviour during

the passage of blood-corpuscles through them), exceedingly thin

and permeable. They are permeable both in the sense of allowing

fluids to pass through them by osmosis, and also in the sense of

allowing white and red corpuscles to traverse them. The small

arteries and veins, which gradually pass into and from the capillaries

properly so called, are similarly permeable, in a degree inversely

proportional to their size.

4. The veins, less elastic than the arteries, and with a very

variable muscular element. The united sectional area of the veins

diminishes from the capillaries to the heart, thus resembling the

arteries ; but the united sectional area of the vense cav^ at their

embouchment into the right auricle is greater than that of the aorta

at its origin. (The proportion is nearly two to one.) The total

capacity of the veins is similarly much greater than that of the

arteries. The veins alone can hold the total mass of blood which in

life is distributed over both arteries and veins. Indeed nearly the

whole blood is capable of being received by what is merely a part of

the venous system, viz. the vena portse and its branches. Such veins

as are for various reasons liable to a reflux of blood from the heart

towards the capillaries, are provided with valves.

Sec. 1. Main General Facts of the Circulation.

1. The Capillary Circulation.

If the web of a frog's foot be examined with a microscope,

the blood, as judged of by the movements of the corpuscles, is seen

to be passing in a continuous stream from the small arteries through

the capillaries to the veins. The velocity is greater in the arteries

than in the veins, and greater in both than in the capillaries. In

the arteries faint pulsations, synchronous with the heart's beat, are

occasionally visible ; and not unfrequently variations in velocity and
in the distribution of the blood, due to causes which will be hereafter

discussed, are witnessed from time to time.

The flow through the smaller capillaries is very variable. Some^
times the corpuscles are seen passing through the channel (which

F. P. 7
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when collapsed may have a diameter smaller than the short axis of a red

corpuscle) in single file with great regularity at a velocity of about
•57 mm, in a second. (In the human retina the velocity is "75 mm.
per sec. according to Vierordt.) At other times, the corpuscles which
pass along a given capillary may be few and far between. Some-
times the corpuscle may remain stationary at the entrance into a
capillary, the channel itself being for some little distance entirely

free from corpuscles. Any one of these conditions readily passes

into another, and, especially with a somewhat feeble circulation,

instances of all of them may be seen in the same field of the micro-

scope. It is only in the case of a very full circulation that all the

capillaries can be seen equally filled with corpuscles. The long oval

red corpuscle moves with its long axis parallel to the stream, fre-

quently rotating on its long axis and sometimes on its short axis.

The flexibility and elasticity of a corpuscle is well seen when it is

being driven into a capillary narrower than itself, or when it becomes
temporarily lodged at the angle between two diverging channels.

The small mammalian corpuscles rotate largely as they are driven

along.

In the larger capillaries, and especially in the small arteries and
veins which permit the passage of several corpuscles abreast, it is

observed that the red corpuscles run in the middle of the channel,

forming a coloured core, between which and the sides of the

vessel all round is a layer, containing no red corpuscles. In this

layer, the so-called ' inert layer,' are frequently seen white corpuscles,

sometimes clinging to the sides of the vessel, sometimes rolling slowly

along, and in general moving irregularly, and often in jerks. This

division into an inert layer and an axial stream is due to the fact

that in any stream passing through a closed channel the friction is

greatest at the immediate sides, and diminishes towards the axis.

The corpuscles pass where the friction is least, in the axis. A quite

similar axial core is seen when any fine particles are driven in a stream

of fluid through a narrow tube. The phenomena cease with the flow

of the fluid. Many of the white corpuscles are frequently seen in

the inert layer. This is said to be due to their being specifically

lighter than the red corpuscles. When fine particles of two kinds,

one lighter than the other, are driven through a narrow tube, the

heavier particles flow in the axis and the lighter in the more
peripheral portions of the stream. The white corpuscles however

are distinctly more adhesive than the red, as is seen by the manner
in which they become fixed to the glass slide and cover-slip when a

drop of blood is mounted for microscopical examination ; and by
reason of this adhesiveness they may become temporarily attached

to the walls of the vessel, and consequently appear in the inert layer.

The resistance to the flow of blood thus caused by the friction

generated in so many minute passages, is one of the most important

physical facts in the capillary circulation. In the large arteries the

friction is small ; it increases as they divide, and receives a very
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great addition in the minute arteries and capillaries. It need per-

haps hardly be said that this peripheral friction not only opposes the

flow of blood through the capillaries themselves, but, working back-
wards along the whole arterial system, has to be met by the heart at

each systole of the ventricle.

2. The Flow in the Arteries.

When an artery is severed, the flow from the proximal section

is not equable, but comes in jets, which correspond to the heart-

beats, though the flow does not cease between the jets. The blood

is ejected with considerable force; thus, in Dr Stephen Hales'

^

experiments, when the crural artery of a mare was severed, the jet,

even after much loss of blood, rose to the height of two feet. The
larger the artery and the nearer to the heart, the greater the force

with which the blood issues, and the more marked the intermittence

of the flow. The flow from the distal section may be very slight, or

may take place with considerable force and marked intermittence,

according to the amount of collateral communication.

Arterial pressure. If, while the blood is flowing normally along
a large artery, e.g. the carotid, a mercury (or water) manometer,
Fig, 18, be connected with a hole in the side of the artery, so that

there is free communication between the interior of the artery and
the proximal (descending) limb of the manometer, the following facts

are observed.

Immediately that communication is established between the
interior of the artery and the manometer, blood rushes from the
former into the latter, driving some of the mercury from the de-
scending limb into the ascending limb, and thus causing the level of

the mercury in the ascending limb to rise rapidly. This rise is

marked by jerks corresponding with the heart-beats. Having reached
a certain level, the mercury ceases to rise any more. It does not,

however, remain absolutely at rest, but undergoes oscillations; it

keeps rising and falling. Each rise, which is very slight compared
with the total height to which the mercury has risen, has the same
rhythm as the systole of the ventricle. Similarly, each fall corre-

sponds with the diastole.

If a float, swimming on the top of the mercury in the ascending
limb of the manometer, and bearing a brush or other marker, be
brought to bear on a travelling surface, some such tracing as that
represented in Fig. 19 will be described. Each of the smaller curves

(p, p) corresponds to a heart-beat, the rise corresponding to the systole

and the fall to the diastole of the ventricle. The larger undulations (r, r)

in the tracing, which are respiratory in origin, will be discussed

1 Statical Essaijs, Vol. ii. p. 2 (1732).

7—2
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Fig. 18j Appabatus for investigating Blood-Pressube.

At the upper right-hand corner, is seen, on an enlarged scale, the carotid artery,

clamped by the forceps h d, with the vagus nerve v lying by its side. The artery

has been ligatured at I' and the glass cannula c has been introduced into the artery

between the ligature V and the forceps b d, and secured in position by the ligature I.

The shrunken artery on the distal side of the cannula is seen at ca'.

p 6 is a box containing a bottle holding a saturated solution of sodium carbonate,

and capable of being raised or lowered at pleasure. The solution of sodium carbonate
flows by the tube pt regulated by the clamp c" into the tube t. The tube t is

connected with the leaden tube t, and the stopcock c with the manometer, of which
m is the descending and m the ascending limb, and s the support. The mercury
in the ascending hmb bears on its surface the float fl, a long rod attached to which
is fitted with the pen p writing on the recording surface r. The clamp el at the end
of the tube t has an arrangement shewn on a larger scale at the right hand upper
corner.

The descending tube m of the manometer, and the tube * being completely fiUed

along its whole length with fluid to the exclusion of aU air, the cannula c is filled with
fluid, slipped into the open end of the thick-walled india-rubber tube i, until it meets
the tube t (whose position within the india-rubber tube is shewn by the dotted lines),

and is then securely fixed in this position by the clamp cl.

The stopcocks c and c" are now opened, and the pressure-bottle raised until the
mercury in the manometer is raised to the required height. The clamp c" is then
closed and the forceps b d removed from the artery. The pressure of the blood in the
carotid ca is in consequence brought to bear through t upon the mercury in the mano-
meter.

Fig. 19. Tbacing of Aeterial Pressure with a Mercury Manometer.

The smaller curves pp are the pulse-curves. The space from r to r embraces a
respiratory undulation.

hereafter. This observation teaches us that the blood, as it is passing

along the carotid artery, is capable of supporting a column of mercury
of a certain height (measured by the difference of level between the
mercury in the descending limb, and that in the ascending limb, of

the manometer), when the mercury is placed in direct communication
with the side of the stream of blood. In other words, the blood, as it

passes through the artery, exerts a lateral pressure on the sides of

the artery, equal to so many millimeters of mercury. In this lateral

pressure we have further to distinguish between the slighter oscilla-

tions corresponding with the heart-beats, and a mean pressure above
and below which the oscillations range. A similar mean pressure

with similar oscillations is found, when any artery of the body is

examined in the same way. In all arteries the blood exerts a certain

pressure on the walls of the vessels which contain it. This pressure is

generally spoken of as arterial pressure, or blood-pressure (the word
arterial being understood).
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Description of Experiment. The carotid, or other vessel, is laid

bare, clamped in two places and divided between the clamps. Into the cut

ends is inserted a hollow T piece of the same bore as the ai'tery, the cross

portion forming the continuation of the artery. The vertical portion is

connected by means of a non-elastic flexible tube with the descending limb

of the manometer. In order to avoid loss of blood, fluid is injected into

the flexible tube until the mercury in the manometer stands a very little

below what may be beforehand guessed at as the probable mean pressure.

The fluid chosen is a saturated solution of sodiiim carbonate, with a view
to hinder the coagulation of the blood in the tube. "When the clamps are

removed from the artery the blood rushes through the cross of the \— piece.

Some passes into the side limb of the |— piece and continues to do so until

the mean pressure is quite reached. Thencefoi'ward there is no more escape;

but the pressure continues in the interior of the cross of the Y- piece, is

transmitted along the connecting tube to the manometer, and the mercury
continues to stand at a height indicative of the mean pressure with oscilla-

tions corresponding to the heart's beats. Practically the use of the h-'

piece is found inconvenient. Accordingly the general custom is to ligature

the artery, to place a clamp on the vessel on the proximal side of the

ligature, and to introduce a straight cannula. Fig. 18, connected with the

manometer, between the ligature and the clamp. In this case, on loosing

the clamp, the whole column of blood in the artery is brought to bear on
the manometer, and the tracings taken illustrate the lateral pressure not of

the artery but of the vessel (aorta &c. as the case may be) of which it

is itself a branch.

Tracings of the movements of the column of mercury in the mano-
meter may be taken either on a smoked surface of a revolving cylinder

(Figs. 1 and 39), or by means of a brush and ink on a continuous roll of

paper, as in the more complex kymograph (Fig. 20).

The average pressure of the blood in the same body is greatest

in the largest arteries, and diminishes as the arteries get less ; but
the fall is a very gradual one until the smallest arteries are reached,

in which it becomes very rapid. In the carotid of the horse, the

mean arterial pressure varies from 150 to 200 mm. of mercury; of

the dog from 100 to 175 ; of the rabbit from 50 to 90. In the

carotid of man it probably amounts to 150 or 200.

Since in all arteries the blood is pressing on the arterial walls

with some considerable force, all the arteries must be in a state of

permanent distension, so long as blood is flowing through them from
the heart. When the blood-current is cut off, as by a ligature, this

expansion or distension disappears.

Not only is there a permanent expansion corresponding to the

mean pressure, but just as the mercury in the manometer rises above
the level of mean pressure at each systole of the heart, and falls

below it at each diastole, so at any spot in the artery there is for each
heart-beat a temporary expansion succeeded by a temporary con-

traction, the diameter of the artery in its temporary expansions and
contractions oscillating, in correspondence with the oscillations of the

manometer, beyond and within the diameter of permanent expansion.
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Fig, 20. Large Kymogbaph with continuous eoll of paper.

The clock-work raacliinery, some of the details of which are seen, unrolls the
paper from the roll C, carries it smoothly over the cylinder B, and then winds it up
into the roll A.

Two electromagnetic signals are seen in the position in which they record their

movements on the paper as it travels over B. The manometer, or any other recording
instrument used, can be fixed either in the notch immediately in front of B or in any
other position that may be desired.

These temporary expansions constitute what is called the pulse, and
will be discussed more fully hereafter.

The velocity of the flow. When even a small artery is severed,

a considerable quantity of blood escapes from the proximal cut end
in a very short space of time. That is to say, the blood moves in

the arteries from the heart to the capillaries, with a very considerable

velocity. By various methods, this velocity of the blood-current has
been measured at different parts of the arterial system ; the results,

owing to imperfections in the methods employed, cannot be regarded
as satisfactorily exact, but may be accepted as approximatively true.

The velocity of the arterial stream is greatest in the largest arteries,

and diminishes from the heart to the capillaries, pari passu with the
increase, so to speak, of the width of the bed, i.e. with the increase

of the united sectional area.

Methods. The Hsemadromometer of Yolkmann. An artery, e.g. a
carotid, is clamped in two places, and divided between the clamps. Two
cannulse, of a bore as nearly equal as possible to that of the artery, or of a
known bore, are inserted in the two ends. The two cannulae are con-
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nected by means of two stop-cocks, wliich work together, witli the two
ends of a long glass tube, bent in the shape of a U, and filled with water,

or with a coloured innocuous fluid. The clamps on the artery being re-

leased, a turn of the stop-cocks permits the blood to enter the proximal
end of the long U tube, along which it courses, driving the fluid out into

the artery through the distal end. Attached to the tube is a graduated

scale, by means of which the velocity with which the blood flows along the

tube may be read ofi*. Even supposing the canniilee to be of the same boi"e

as the artery, it is evident that the conditions of the flow through the tube
are such as will only admit of the result thus gained being considered as an
approximative estimation of the real velocity in the artery itself.

The Rheometer (Stromuhr) of Ludwig. This consists of two glass bulbs

A and B, Fig, 21, communicating above with each other and with the com-
mon tube G by which they can be filled. Their lower ends are fixed in

the metal disc D, vrhich can be made to rotate, through two right

angles, round the lower disc E. In the upper disc are two holes a and h

continuous with A and B respectively, and in the lower disc are two
similar holes a and h', similarly continuous with the tubes H and G.

Hence, in the position of the discs shewn in the figure, the tube G is

continuous through the two discs with the bulb A and the tube H with
the bulb B. On turning the disc D through two right angles the tube G
becomes continuous with B instead of A, and the tube H with A instead

of B. There is a further arrangement, omitted from the figure for the

sake of simplicity, by which when the disc D is tui'ned through one
instead of two right angles from either of the above positions, G be-

comes dii'ectly continuous with H, both being completely shut off from
the bulbs.

Fig. 21. Diageammatic Eepeesentation of Ludwig's Steomuhe.

The ends of the tubes II and G are made to fit exactly into two cannulas

inserted into the two cut ends of the artery about to be experimented upon,

and having a bore as nearly equal as possible to that of the artery.

The method of experimenting is as follows. The disc D, being placed

in the intermediate position, so that a and b are both cut off,from

a and b', the bulb A is filled with pui-e olive oil up to the mark x, and
the bulb B, the rest of A, and the junction C, with defibrinated blood; and
G is then clamped. The tubes II and G are also filled with defibrinated

blood, and G is inserted into the cannula of the central, H into that of the
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peripheral, end of the artery. On removing the clamps from the artery tlie

blood flows through G to H, and so back into the artery. The observation

now begins by turning the disc D into the position shewn in the figure;

the blood then flows into A, driving the oil there contained out before it into

the bulb B, in the direction of the arrow, the defibrinated blood previously

present in B passing by H into the artery, and so into the system. At the

moment that the blood is seen to rise to the mark x, the disc D is with all

possible rapidity turned through two right angles; and thus the bulb B,

now largely filled with oil, placed in communication with G. The blood-

stream now drives the oil back into A, and the new blood in A through H
into the artery. As soon as the oil has wholly returned to A, the disc is

again turned round, and A once more placed in communication with G, and
the oil once more driven from A to B. And this is repeated several times,

indeed generally until the clotting of the blood or the admixture of the oil

with the blood puts an end to the experiment. Thus the flow of blood

is used to fill alternately with blood or oil the space of the bulb -4, whose
cavity as far as the mark x has been exactly measured ; hence if the number
of times a second the disc D has to be turned round be known, the number
of times A has been filled in any given time is also known, and thus the

quantity of blood which has passed in that time through the cannula con-

nected with the tube G is directly measured. For instance, supposing that

the quantity held by the bulb A when filled up to the mark a; is 5 cc, and
supposing that from the moment of allowing the first 5 cc. of blood to begin
to enter the tube to the moment when the escape of the last 5 cc. from the
artery into the tube was complete, 100 seconds had elapsed, during which time
5 cc. had been received 10 times into the tube from the artery (all but the

last 5 cc. being returned into the distal portion of the artery), obviously
•5 cc. of blood had flowed from the proximal section of the artery in one
second. Hence supposing that the diameter of the cannula (and of the

artery, they being the same) were 2 mm., with a sectional area therefore of
3*14 square mm., an outflow through the section of "5 cc. or 500 c.mm. in a
second would give (Jyt)? ^ velocity of about 159 mm. in a second.

The Hsematachometer of Vierordt is constructed on the principle of

measuring the velocity of the current by observing the amount of deviation

undergone by a pendxxlum, the free end of which hangs loosely in the

stream. A square or rectangular chamber, one side at least is of glass in

order that the interior may be visible, is connected by means of two short

tubes with the two cut ends of an artery; the blood consequently flows

from the proximal (central) portion of the artery through the chamber into

the distal portion of the artery. Within the chamber and suspended from
its roof is a short pendulum, the ball of which bears a pointed projection to

serve as a marker. When the blood-stream is cut off" from the chamber
the pendulum hangs motionless in a vertical position. When the blood is

allowed to flow through the chamber, the pendulum is driven by the

force of the current out of its position of rest, the point attached to the

ball of the pendulum describing an arc of a circle. The moi-e rapid the

flow the greater will be the deviation, and by placing in the path of the

marker a graduated scale, the amount of deviation (which is continually

varying) may, at any moment, be read ofi". The graduation of the scale

having been carried out by experimenting with streams of known velocity,

the velocity can at once be calculated from the amount of deviation.
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An instrument based on the same pi'inciple has been invented by
Chauveau and improved by Lortet. In this the part which corresponds to

the penduhim in Vierordt's instrument is prolonged outside the chamber,

and thus the portion within the chamber is made to form the short arm of

a lever, the fulcrum of which is at the jxtint where the wall of the chamber
is traversed and the long arm of which projects outside. A somewhat wide
tube, the wall of which is at one point composed of an india-rubber mem-
brane, is introduced into the two cut ends of an artery. A long light lever

pierces the india-rubber membrane. The short expanded arm of this lever

projecting within the tube is moved on its fulcrum in the india-rubber ring

by the current of blood passing through the tube, the greater the velocity

of the cuiTent, the larger being the excursions of the lever. The move-
ments of the short arm give rise to corresponding movements in the

opposite direction of the long arm outside the tube, and these, by means of a

marker attached to the end of the long arm, may be directly inscribed on a

recording surface. This instrument is very well adapted for observing

changes in the velocity of the flow. In determining actual velocities, for

which purpose it has to be experimentally graduated, it is not so useful.

In the horse, Volkmann found the velocity of the stream to be
in the carotid artery about 300 mm., in the maxillary artery 165 mm.,
and in the metatarsal artery 56 mm. in the second. Chauveau
determined the velocity in the carotid of the horse to vary from 520
to 150 mm. per sec. at each beat of the heart, fiowing at the former
rate during the height of each pulse-expansion, -and at the latter in

the interval between each two beats. Ludwig and Dogiel found the
velocity in the dog and in the rabbit to vary within very wide limits,

not only in different arteries, but in the same artery under different

circumstances. Thus while in the carotid of the rabbit it may be
said to vary from 100 to 200 mm. per sec, and in the carotid of the
dog from 200 to 500 mm. per sec, both these limits were frequently

passed.

3. The Flow in the Veins.

When a vein is severed, the flow from the distal cut end {i. e. the
end nearest the capillaries) is continuous, the blood is ejected with
comparatively little force, and with slight velocity.

When a vein is connected with a manometer, the lateral pressure

is found to be very small ; it is greater in the veins farther from
the heart than in those nearer the heart. In the immediate neigh-
bourhood of the heart the pressure may (during the inspiratory

movement) become negative, i.e. when the manometer is brought
into connection with the interior of the vein, the mercury in the

distal limb falls, instead of, as in the case of the artery, rising.

In the brachial vein of the sheep Jacobson found the mean pressure to

be 4 mm. of mercury, in a branch of the same 9 mm. In the crural it

was 11 -^ mra. In the subclavian the mean pressure was negative, viz.

— "1 mm., becoming — 1 mm. during inspiration, — 3 mm. or — 5 mm. during

a strong inspiration, and changing to positive during expiration.
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The level of mercury in the manometer, except in the case of

certain veins, subject to influences which will be discussed hereafter,

remains constant. The pulse-oscillationsf,^ so striking in the arteries,

are absent in the veins. In the small veins the velocity of the cur-

rent, measured in the same way as the arteries, is very slight. It

increases in the larger veins, corresponding to the diminution of the

area of ' the bed ;' it is about 200 mm. per sec. in the jugular vein of

the dog.

Thus the flow in the veins presents strong contrasts with that

in the arteries. In the arteries, even in the smallest branches,

there is a considerable mean pressure. In the veins, even in the

small veins where it is largest, the mean pressure is very slight.

In other words, there is always a difference of pressure tending to

make the blood flow continuously from the arteries into the veins.

A pulse is present in the arteries, but, with the exceptions alluded

, to, absent in the veins. The velocity of the stream of blood in the

arteries is very considerable; in the veins, especially the smaller veins,

much less ; in both it corresponds with the area of the bed, diminish-

ing in the former from the heart to the capillaries, and increasing in

the latter from the capillaries to the heart.

Hydraulic Principles of the Circulation.

A.11 the above phenomena are the simple results of an intermittent

force (like that of the systole of the ventricle) working in a closed

circuit of branching elastic tubes, so arranged that while the indi-

vidual tubes first diminish (from the heart to the capillaries) and then
increase (from the capillaries to the heart), the area af the bed first

increases and then diminishes, the tubes together thus forming two
cones placed base to base at the capillaries, with their apices con-

verging to the heart. To this it must be added that the friction

in the small arteries or capillaries, at the junction of the bases of the

cones, offers a very great resistance to the flow of the blood through
them. It is this peripheral resistance (in the minute arteries and
capillaries), reacting through the elastic walls of the arteries upon
the intermittent force of the heart, which gives; the circulation of

the blood its peculiar features.

When fluid is driven by an intermittent force, as by a pump,
through a perfectly rigid tube (or system of tubes), at each stroke of

the pump there escapes from the distal end of the system just as

much fluid as enters it at the proximal end. The escape moreover
takes place at the same time as the entrance, since the time taken
up by the transmission of the shock is so small, that it may be
neglected. This result remains the same when any resistance to the

flow is introduced into the system. The force of the pump re-

maining the same, the introduction of the resistance undoubtedly
lessens the quantity issuing at the distal end at each stroke, but it

does so simply by lessening the quantity entering at the proximal
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end ; the income and outgo remain equal to each other, and occur at

ahnost the same time. And what is true of the two ends, is also true

of any part of the course of the system, so far, at all events, as the

following proposition is concerned, that in a system of rigid tubes,

either with or without an intercalated resistance, the flow caused

by an intermittent force is, in every part of the tubes, intermittent

synchronously with that force.

In a system of elastic tubes in which there is little resistance to

the progress of the fluid, the flow caused by an intermittent force is

also intermittent. The outgo being as easy or nearly as easy as the

income, the elasticity of the walls of the tubes is not called into

play. These behave practically like rigid tubes. When, however,

sufficient resistance is introduced into any part of the course, the

fluid, being unable to pass by the resistance as rapidly as it enters

the system from the pump, tends to accumulate on the proximal

side of the resistance. This it is able to do by expanding the elastic

walls of the tubes. At each stroke of the pump a certain quantity

of fluid enters the system at the proximal end. Of this only a fraction

can pass through the resistance during the stroke. At the moment
when the stroke ceases, the rest still remains on the proximal side of

the resistance, the elastic tubes having expanded to receive it.

During the interval between this and the next stroke, the distended

elastic tubes, striving to return to their natural undistended con-

dition, press on this extra quantity of fluid which they contain and
tend to drive it past the resistance. Thus in the rigid system (and

in the elastic system without resistance) there issues, from the distal

end of the system, at each stroke just as much fluid as enters it at

the proximal end, while between the strokes there is perfect quiet.

In the elastic system with resistance, on the contrary, the quantity

which passes the resistance is only a fraction of that which enters

the system from the pump, the remainder or a portion of the re-

mainder continuing to pass during the interval between the strokes.

In the former case, the system is no fuller at the end of the stroke

than at the beginning ; in the latter case there is an accumulation of

fluid between the pump and the resistance, and a corresponding

distension of that part of the system, at the close of each stroke—an
accumulation and distension, however, which go on diminishing

until the next stroke comes. The amount of fluid thus remaining

after the stroke will depend on the amount of resistance in relation

to the force of the stroke, and on the distensibility of the tubes;

and the amount which passes the resistance before the next stroke

will depend on the degree of elastic reaction of which the tubes are

capable. Thus, if the resistance be very considerable in relation to

the force of the stroke, and the tubes very distensible, only a small

portion of the fluid will pass the resistance, the greater part re-

maining lodged between the pump and the resistance. If the elastic

reaction be great, a large portion of this will be passed on through

the resistance before the next stroke comes. In other words, the
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greater the resistance (in relation to the force of the stroke), and the
greater the elastic force brought into play, the less intermittent, the
more nearly continuous, will be the flow on the far side of the
resistance.

If the first stroke be succeeded by a second stroke before Its

quantity of fluid has all passed by the resistance, there will be an
additional accumulation of fluid on the near side of the resistance,

an additional distension of the tubes, an additional strain on their

elastic powers, and, in consequence, the flow between this second
stroke and the third will be even more marked than that between
the first and the second, though all three strokes were of the same
force, the addition being due to the extra amount of elastic force called

into play. In fact, it is evident that, if there be a sufficient store of
elastic power to fall back upon, by continually repeating the strokes, a
state of things will be at last arrived at, in which the elastic force,

called into play by the continually increasing distension of the tubes
on the near side of the resistance, will be sufficient to drive throuo-h

the resistance, in the interval between each two strokes, just as
much fluid as enters the near end of the system at each stroke. In
other words, the elastic reaction of the walls of the tubes will have
converted the intermittent into a continuous flow. The flow on the
far side of the resistance is in this case not the direct result of the
strokes of the pump. All the force of the pump is spent, first in
getting up, and afterwards in keeping up, the over-distension of the
tubes on the near side of the resistance; it is the over-distended
tubes which are the cause of the continuous flow, by emptying them-
selves into the far side of the resistance, at such a rate, that they
discharge through the resistance during a stroke and in the succeeding
interval just as much as they receive from the pump by the stroke
itself.

This is exactly what takes place in the vascular system. The
friction in the minute arteries and capillaries presents a considerable
resistance to the flow of blood through them into the small veins.

In consequence of this resistance, the force of the heart's beat is

spent in maintaining the whole of the arterial system in a state of
over-distension, as indicated by the so-called arterial pressure. The
over-distended arterial system is, by the agency of its elastic walls,

continually emptying itself by overflowing through the capillaries

into the venous system, overflowing at such a rate, that just as much
blood passes from the arteries to the veins during each systole and
its succeeding diastole as enters the aorta at each systole.

It cannot be too much insisted upon that the whole arterial

system is overfull. This is what is meant by the high arterial

pressure. On the other hand, the veins are much less full. This
is shewn by the low venous pressure. The overfull arteries are
continually striving to pass their surplus in a continuous stream
through the capillaries into the veins, so as to bring both venous and
arterial pressure to the same level. As continually the heart by
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its beat is keeping the arteries overfull, and thus maintaining the

difference between the arterial and venous pressure, and thus pre-

serving the steady capillary stream. When the heart ceases to beat,

the arteries do succeed in emptying their surplus into the veins, and
v/hen the pressure on both sides of the capillaries is thus equalized,

the flow through the capillaries ceases.

In the facts just discussed, it makes no essential difference

whether the outflow on the far side of the resistance be an open one,

or whether, as is the case in the vascular system, the fluid be

returned to the pump, provided only that the resistance offered

to that return be sufiiciently small. We shall see, in speaking of

the heart, that, so far from there being any resistance to the flow of

blood from the great veins into the auricle, the flow is favoured by
a variety of circumstances. We have seen moreover that, besides

the very sudden decrease in the immediate neighbourhood of the

capillaries, there is in passing along the whole vascular system from

the aorta to the vense cavse a gradual fall of pressure. A little con-

sideration shews that this must be the case. After what has been

said it is obvious that the movement of the blood may be compared

to that of a body of fluid, driven by pressure from the ventricle

through the vessels to its outflow in the auricle. Were the pressure

a continuous one, and were there no capillary resistance, there would

be a gradual fall of pressure, from the part farthest from the outfall,

viz. the aorta, to the part nearest the outfall, viz. the vense cavse.

The introduction of the capillary resistance and its attendant phe-

nomena gives rise to the feature of a very sudden and marked fall in

the capillary region, but leaves untouched the gradual character of

the fall in the rest of the course, from the aorta to the minute

arteries, and from the minute veins to the vense cavse.

To recapitulate : there are three chief factors in the mechanics of

the circulation, (1) the force and frequency of the heart-beat, (2) the

peripheral resistance, (3) the elasticity of the arterial walls. These

three factors, in order to produce a normal circulation, must be in a

certain relation to each other. A disturbance of these relations

brings about abnormal conditions. Thus, if the capillary resistance be

reduced beyond certain limits, while the force and frequency of the

heart remain the same, so much blood passes through the capillaries

at each stroke of the heart that there is not suflicient left behind to

distend the arteries, and bring their elasticity into play. In this

case the intermittence of the arterial flow is continued on into the

veins. An instance of this is seen in the experiments on the sub-

maxillary gland, where sometimes the capillary resistance in the gland

is so much lowered, that the blood in the veins pulsates\ A like

result occurs when, the capillary resistance remaining the same, the

force or frequency of the heart's beat is lowered. Thus the beats may
be so feeble that at each stroke no more blood, or but little more,

1 See Book i. cap. i. sec. 2, on the Secretion of the Digestive Juices.
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enters the arterial sytem than can pass through the capillaries

before the next stroke ; or so infrequent that the whole quantity sent
on by a stroke has time to escape before the next stroke comes. If,

while the heart's beat and resistance remain the same, the elasticity

of the arterial walls be reduced, the arteries will be unable to expand
sufficiently to retain the surplus of each stroke or to exert sufficient

elastic reaction to carry forward the stream between the strokes;

and in consequence more or less intermittence will become manifest.

Marey^ states that when fluid is driven through two tubes of equal
calibre, one elastic and the other rigid, with equal force and like inter-

mittence, the outflow through the elastic tube is greater than through the
rigid tube. This he attributes to the fact that in the rigid tube all the
friction falls in the period of the stroke, when the velocity of the stream is

greatest, and is therefore greater than in the elastic tube where it is dis-

tributed as well over the interval between the strokes. Under this view,
the arrangements of the vascular system are useful, not only in causing the
flow through the capillaries to be continuous, and therefore best adapted
for carrying on the interchange between the tissues and the blood, but also

in providing that the flow should be as large as possible.

The velocity of the stream. Observation shews that the velocity

of the blood-stream diminishes from the aorta to the capillaries, and
increases from the capillaries to the great veins. Thus in the dog
the velocity in the great arteries may be stated at from 300 to

500 mm., in the capillaries at less than 1 mm, ("5 to '75 mm.), and in

the large veins at about 200 mm. in a sec. In fact, the greater part

of the time of the circuit is taken up in the capillary region. An
iron salt, injected into the jugular vein of one side of the neck of a
horse, makes its appearance in the blood of the jugular vein of the
other side in about 30 seconds.

Hering's mean result in the horse was 27*6 sees. In the dog Vierordt
found it to be 15 '2 sees.; in the rabbit 7 sees.

Without laying too much stress on this experiment, it may be
taken as a fair indication of the time in which the whole circuit may
be completed. It takes about the same time (see p. 98) to pass
through about 20 mm. of capillaries. Hence, if any corpuscle had in

its circuit to pass through 10 mm. of capillaries, half the whole time
of its journey would be spent in the narrow channels of the capilla-

ries. Since, however, the average length of a capillary is about
•5 mm., about one second is spent in the capillaries. Inasmuch as

the purposes served by the blood are chiefly carried out in the capil-

laries, it is obviously of advantage that its stay in them should be
prolonged.

The permanent variations in the velocity of the stream are directly

dependent on the area of the ' bed.' When a fluid is driven by a
uniform pressure through a narrow tube with an enlargement in the

1 Ann. Sci. Nat. (iv.) viii. p. 329.
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middle, the velocity of the stream will be found to diminish in the

enlargement, but to increase again when the tube once more narrows.

So a river slackens speed in a broad, but rushes on rapidly again when
the banks close in. Exactly in the same way the velocity of the

blood-stream slackens from the aorta to the capillaries corresponding

with the increased total bed, but hurries on again as the numerous
veins are gathered into the smaller bed of the venas cav^. The loss

of velocity in the capillaries, as compared with the arteries, is not

due to there being so much more friction in the narrow channels of

the former than in the wide canals of the latter. For the peripheral

resistance caused by the friction in the capillaries and small arteries

is an obstacle not only to the flow of blood through these small

vessels where the resistance is actually generated, but also to the

escape of the blood from the large into the small arteries, and indeed

from the heart into the large arteries. It exerts its influence along

the whole arterial tract. And it is obvious that if it were this peri-

pheral resistance which checked the flow in the capillaries, there

could be no recovery of velocity along the venous tract. The rapidity

of the flow in arteries, capillaries, and veins, is in each case determined

by the total sectional area of the channels. There is, however, a loss

of velocity on the whole course. At each stroke as much blood enters

the right auricle as issues from the left ventricle ; but the sectional

area of the vense cavse is greater than that of the aorta, so that even

if the auricle were filled in exactly the same time as the ventricle is

emptied, the blood must pass more rapidly through the narrow aorta

than through the broad venge cavse, in order that the same quantity

of blood should pass each at the same time. The diastole of the

auricle, however, is distinctly longer than the systole of the ventricle
;

the time during which the auricle is being filled is greater than that

during which the ventricle is being emptied, and hence the velocity

of the venous flow into the auricle must be still less than that of the

arterial blood in the commencing aorta.

The temporary variations of the velocity of the stream in any
given channel, and these we have already (p. 106) seen to be very

considerable in the case of the arteries at least, are dependent on
a variety of circumstances. In a tube of constant calibre, the velocity

with which fluid flows from one point to another, for instance from

the point a to the point h, will be in main dependent on the difler-

ence between the pressures existing at a and h. The lower the

pressure at h as compared with a the greater the rapidity with which

the fluid flows from a to h. And temporary variations of pressures

form undoubtedly the main cause of the temporary variations observ-

able in the velocity of the arterial flow. Thus with each systole of

the ventricle there is an increase of velocity in the whole arterial

flow followed by a diminution during the diastole. So also if the

peripheral resistance in a capillary district belonging to an artery be

suddenly lowered (by the action of vaso-motor nerves, in a manner
which we shall presently discuss), without the calibre of the artery
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itself being changed, the pressure on the distal (peripheral) side of

the artery may be much diminished, while the pressure on the

proximal (cardiac) side remains at first unaltered ; and this would

necessarily cause an increase in the rapidity of the stream through

that artery. But, as we shall see later on, from the complications of

the vascular machinery such problems as these become very intri-

cate ; and the results of observations on variations in arterial velocity

are not altogether intelligible. It has been suggested that varying

conditions of the blood may be an important factor in determining

the variations in the velocity of the stream \

Sec. 2. The Heart.

The heart is a pump, the motive power of which is supplied by

the contraction of its muscular fibres. Its action consequently

presents problems which are partly mechanical, and partly vital.

Regarded as a pump, its effects are determined by the frequency of

the beats, by the force of each beat, by the character of each beat

—

whether, for instance, slow and lingering, or sudden and sharp—and

by the quantity of fluid ejected at each beat. Hence, with a given

frequency, force, and chara,cter of beat, and a given quantity ejected

at each beat, the problems which have to be dealt with are for the

most part mechanical. The vital problems are chiefly connected with

the causes which determine the frequency, force, and character of the

beat. The quantity ejected at each beat is governed more by the

state of the rest of the body, than by that of the heart itself.

The Phenomena of the normal Beat.

The visible movements. When the chest of a mammal is opened

and artificial respiration kept up, a complete beat of the whole heart,

or cardiac cycle, may be observed to take place as follows.

The great veins, inferior and superior vense cavas and pulmonary

veins, are seen, while full of blood, to contract in the neighbourhood

of the heart : the contraction runs in a peristaltic wave towards the

auricles, increasing in intensity as it goes. Arrived at the auricles,

which are then full of blood, the wave suddenly spreads, at a rate

too rapid to be fairly judged by the eye, over the whole of those

organs, which accordingly contract with a sudden sharp systole. In

the systole, the walls of the auricles press towards the auriculo-

ventricular orifices, and the auricular appendages are drawn inwards,

becoming smaller and paler. During the auricular systole, the ven-

tricles may be seen to become more and more turgid. Then follows,

as it were immediately, the ventricular systole, during which the

ventricles become shorter and thicker. Held between the fingers

they are felt to become tense and hard. As the systole progresses,

^ Ludwig and Dogiel. Ludwig's Arieiten, 1867.

F. P. 8
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tlie aorta and pulmonary arteries are seen to expand and elongate,

and the heart to twist slightly on its long axis, so that, while the

base is fixed by the great arteries, the apex moves from the left and

behind towards the front and right ; hence more of the left ventricle

becomes displayed. As the systole gives way to the succeeding

pause or diastole, the ventricles flatten and elongate, the aorta

and pulmonary artery contract and shorten, the heart turns back

towards the left, and thus the cycle is completed.

More exact observation shews, as regards the change of form of

the ventricular portion, that this, during diastole, has somewhat the

shape of a flattened cone, with an ellipse, having its long diameter

from right to left, as a base, but during the systole becomes a shorter,

more regular, cone, with a circle for its base, having lessened chiefly

in its longitudinal and right-to-left diameters, and slightly only in

its antero-posterior diameter. According to Kiirschner^ the cir-

cumference of the base of the ventricle is absolutely increased

during the systole; a tape placed round the base becomes tense

at the commencement of the systole, while the cavity is still full of

blood.

When the chest is opened, the heart is deprived of its natural

supports, and consequently, under such circumstances, its change of

position during the systole cannot be properly studied. For it must

be remembered that the heart, closely covered by the pericardium,

lies immediately under the sternum and ribs, there being between

them nothing more than a small amount of mediastinal connective

tissue, and rests on the slope of the diaphragm below, with the lungs

on either side. If, in the unopened chest of a rabbit or dog, three

needles be inserted through the chest-wall so that their points are

plunged into the substance of the ventricle, one (B) at the base, close

to the auricles, another (A) through the apex, and a third (M) at

about the middle of the ventricle, all three needles will be observed

to move at each beat of the heart. The head of B will move
suddenly upwards, shewing that the point of the needle plunged

in the ventricle moves downwards, whereas A will only quiver,

and move neither distinctly upwards nor downwards. M will

move upwards (and therefore its point downwards), but not to the

same extent as B. The nearer to B, M is, the more it moves

:

the nearer to A, the less. Thus, while during the beat, the base (B)

moves downwards as the result of the contraction (and longitudinal

shortening) of the ventricle, the apex (A) does not change its place,

the shortening of the ventricle itself being compensated by the

lengthening of the great arteries. The middle of the ventricle moves
downwards more than the apex, but less than the extreme base.

After the death of the animal, the needles, if properly inserted at

first, perpendicular to the chest, will be found with all their heads

directed downwards, indicating that the whole ventricle has been

1 Wagner's Handicorterbuch, Art. HerztluHi'jheit.
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drawn up ,by' the contraction of the empty aorta and puhnonary
artery.

Cardiac Impulse. If the hand be placed on the chest, a shock
or impulse will be felt at each beat, and on examination this impulse,
' cardiac impulse,' will be found to be synchronous with the sys-

tole of the ventricle. In man, the cardiac impulse may be most
distinctly felt in the fifth costal interspace, about an inch below and
a little to the median side of the left nipple. The same impulse
may be felt in an animal by making an incision through the dia-

phragm from the abdomen, and placing the finger between the chest-

wall and the apex. It then can be distinctly recognized as the result

of the hardening of the ventricle during the systole. And the im-
pulse which is felt on the outside of the chest is the same hardening
of the stationary portion of the ventricle in contact with the chest-

wall, transmitted through the chest-wall to the finger. In its flaccid

state, during diastole, the apex is (in a standing position at least)

here in contact with the chest-wall, lying between it and the tolerably

resistant diaphragm. During the systole, while occupying, as we
have seen, the same position, it suddenly grows tense and hard.

The ventricles, in executing their systole, have to contract against

resistance. They have to produce within their cavities, tensions

greater than those in the aorta and pulmonary arteries, respectively.

This is, in fact, the object of the systole. Hence, during the swift

systole, the ventricular poi'tion of the heart becomes suddenly tense,

just as a bladder full of fluid would become tense and hard when
forcibly squeezed. This sudden hardness gives an impulse or shock
both to the chest-wall and to the diaphragm, which may be felt

readily both on the chest-wall, and also through the diaphragm when
the abdomen is opened, and the finger inserted. If the modification

of the sphygmograph (see section on Pulse), called the cardiograph,

be placed on the spot where the impulse is felt most strongly, the
lever is seen to be raised during the systole of the ventricles, and to

fall again as the systole passes away, very much as if it were placed

on the heart directly. A tracing may thus be obtained (Fig. 22),

of which we shall have to speak more fully immediately. If the
button of the lever be placed, not on the exact spot of the impulse,

but at a little distance from it, the lever will be depressed during the

systole. While at the spot of impulse itself the contact of the ven-

tricle is increased during systole, away from the spot the ventricle

retires from the chest-wall (by the diminution of its right-to-left

diameter), and hence, by the mediastinal attachments of the peri-

cardium, draws the chest-wall after it.

Endo-cardiac pressure. In order to study more fully the changes
going on in the heart during the cardiac cycle, it becomes necessary

to know something of what is taking place in the interior of the

cavities of the heart. At present, our chief information on this head

8—2
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is derived from Ihe experiments of Chauveau and Marey\ By intro-

ducing into the right auricle and ventricle respectively of the horse,

through the jugular vein, small elastic bags, each communicating with

Fig. 22. Tkacing of the Variations of Peessuee in tee eight Aueicle and Ventbi-

CLE, AND OF THE Caediac Impulse, IN THE HoESE. (Aftee Maeey.) (To be read

from left to right.)

The upper curve represents the variations of pressure within the auricle, the

middle curve the variations of pressure within the ventricle ; these two therefore

illustrate changes taking place in the interior of the heart. The lower curve represents

the variations of pressure transmitted to a lever outside the chest and constituting the

cardiac impulse. A complete cardiac cycle, beginning at the close of the ventricular

systole, is comprised between the thick vertical lines I and II. The thin vertical lines

represent tenths of a second, a, the gradual filling of the auricle and ventricle; 6, the

auricular systole ; c, the ventricular systole ; d, oscillations of pressure, interpreted by

Marey as caused ijy vibrations of the auriculo-ventricular valves ; e probably marks the

closing of the semilunar valves.

a recording tambour, these authors were enabled to take simultaneous

tracings of ail the changes of pressure occurring in the two cavities.

These results are embodied in Fig. 22, of which the upper curve

represents the changes of pressure in the auricle, the middle curve

the changes of pressure in the ventricle, and the lower curve the

cardiographic tracing of the cardiac impulse. All these curves were

taken simultaneously on the same recording surface.

Method. -A- tube of appropriate curvature is furnislied with two small

elastic bags, one at the extreme end and the other at such a distance that

when the former is within the cavity of the ventricle the lattter is in the

cavity of the auricle. Each bag (Fig. 23 A) communicates by a sepai-ate

air-tight tube with an air-tight tambour (Fig. 23 B) on which a lever rests;

so that any pressure on either bag is communicated to the cavity of its

respective tambour, the lever of which is raised in proportion. The writing

^ Marey, Circulation du Bang.
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Fig. 23. Marey's Tambour, with Cardiac Sound.

A. A simple cardiac sound siicli as may be used for exploration of the left ventricle.

The portion a of the ampulla at the end is of thin india-rubber, stretched over an
open framework with metallic supports above and below. The long tube b serves to

introduce it into the cavity which it is desired to explore.

B, The Tambour. The metal chamber m is covered in an air-tight manner with
the india-rubber c, bearing a thin metal 'plate m' to which is attached the lever I

moving on the hinge h. The whole tambour can be placed by means of the clamp
cl at any height on the upright s'. The india-rubber tube t serves to connect the

interior of the tambour either with the cavity of the ampulla of A or with any other

cavity. Supposing that the tube t were connected with b, any pressure exerted on a
would cause the roof of the tambour to rise and the point of the lever would be propor-
tionately raised.

points of all three levers are brought to bear on the same recording sui-face

exactly undei-neath each, other. The tube is carefully introduced through

the right jugular vein into the right side of the heart tintil the lower (ven-

tricular) bag is fairly in the cavity of the right ventricle, and consequently

the upper (auricular) bag in the cavity of the right auricle. Changes of

pressure in either cavity then cause movements of the corresponding lever.

When the pressure is increased for instance in the auricle, the auricular

lever is raised and describes on the recording surface an ascending curve;

when the pressure is taken off the curve descends; and so also with the

ventricle.

A complete cardiac cycle is comprised between the vertical lines

I. and II. Fig. 22. The recording surface was travelling at such a

rate that the intervals between any two of the thin vertical lines

corresponds to one-tenth of a second. Hence in this case the whole

cardiac cycle occupied about if ths of a second. Any point in the

cycle might of course be taken as its commencement. In the figure,

the cycle is supposed to begin shortly after the end of the ven-

tricular systole, and the beginning of the diastole.
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On examining the three curves we see, at a, a steady rise of the

auricular, accompanied by similar gradual ascents of the ventricular

and also of the cardiograph lever. These may be interpreted as

indicating that the blood is pouring from the great veins into the

auricle, increasing the pressure there, and at the same time passing

on into the ventricle, increasing also the internal pressure there, a,

and also by distending the ventricle causing it to press somewhat on
the chest-wall and thus to raise the cardiograph lever, a". This con-

tinues for about y%ths of a second, and is then followed by the

sudden rise of auricular pressure h due to the auricular systole, fol-

lowed by a sudden fall as the blood escapes into the ventricle. The
sudden entrance of blood into the ventricle causes a sudden increase

of the pressure in the ventricle as indicated by the ventricular lever

h', and a sudden increase in the pressure on the chest-wall h". The
auricular systole is followed immediately by the sudden strong

ventricular systole c , the pressure rising very abruptly. Owing
to the presence of the tricuspid valves, this increase of pressure

is kept off the auricle altogether; but the chest-wall, as shewn
by the tracing at c", feels the sudden increase of the pressure of

the ventricle against it. The ventricular pressure lasts for some
time, gradually declining, and then suddenly falls. This may be
interpreted as indicating that the systole rapidly reaches a maximum,
maintains that maximum with a slight decline only for some little

time, and then suddenly ceases. The oscillations during the maxi-
mum, as seen at d', and also manifest in the auricular curve at d, and
in the impulse curve at d', are interpreted by Marey as due to

vibrations of the tricuspid valves, but their causation is at present

by no means clear. At the end of the ventricular systole, the descent
of the lever is broken by a slight rise at e, visible also in the auricle

at e, and even in the impulse curve at e". This is interpreted by
Marey as indicating the closure of the semilunar valves. After this

slight rise, the ventricular curve and the impulse curve fall to their

lowest points, while the auricle is already beginning to fill; and the
cardiac cycle begins anew.

It must be remembered that the above curves in the form in which
they are given in the diagram can only be used for ascertaining the varia-

tions of pressure at different times in the same chamber, or for determining
what changes in the one chamber are coincident in point of time with
changes in the other. They in no way indicate the amount of pressure

in the auricle as compared witli that in the ventricle. Because in the

figure the rise of the curve during the auricular systole is about half that

of the ventricle, it does not follow that the pressure caused by the one is

half that caused by the other.

Thus of the whole period of a beat, the largest fraction is that of

the diastole, or 'passive interval,' i.e. of the interval between the end
of the ventricular and the commencement of the auricular systole.

The next largest is that of the ventricular systole, and the smallest
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that of the auricular systole. The duration of the diastole is usually

given as f of the whole period, that of the whole systole being |, of

which far the greatest part is taken up by the ventricle ; but in these

measurements the systole is supposed to end with the cessation of

the ventricle's contraction and not to include its relaxation. Donders
found the ventricular systole, as determined by the time elapsing

between the commencement of the first and of the second sounds,

and therefore including the relaxation as well as the contraction of

the ventricular fibres, to occupy on the average "SOI to "327 sec, or

40 to 46 p. c. of the whole period. Landois^ gives the following mea-
surements, the whole cycle lasting 1'130 sec.

Mean Duration of auricular systole to

beginning of ventricular systole ... "IT? sec. ~]

Mean Duration of ventricular contrac- J

tion '192 ,, 1 h '451 sec. = systole of the heart as

Mean Duration of maintenance of con- j
\

usually understood.
traction -082 „ U ^.n ^ ^ t + •

i

Mean Duration from beginning of re- f
'3^6 „ = systole of ventricle as

laxatiou to closure of semilunar |

measured by Donders.

valves -072 „ j ]Mean Duration of closure of valves to .„„ ,. , , . ,, ,

beginning of pause.. -200,, \
"679 „ - diastole of the heart as

Mean Duration of remainder of cycle -407 „ J
usually understood.

1-130

The proportions however are not fixed, but vary somewhat.
Practically speaking, there is no interval between the auricular and
ventricular systole, the latter being separated from the former by a

fraction of time which is almost inappreciable.

When the actual pressure in the heart of a horse is measured
either by a graduation of Marey's instrument, or by introducing an
open tube connected with a mercury manometer directly into the

cavities of the heart, the pressure during the right auricular systole

does not amount to more than 2 or 3 mm. of mercury, while that of

the right ventricular systole is about 25 mm,, and that of the left

ventricle (the tube being introduced through the carotid artery)

amounts to about 200 mm.^

Fick^ employing a diflferent method, has arrived at results which in

part agree with and in part differ from those of Marey. He introduced, in the

right auricle or ventricle through the jugular vein, or into the left ventricle

through the carotid artery, a glass tube filled with sodium carbonate solu-

tion, open at the end introduced into the heart and connected at the other

with a spring manometer (Fig. 24). The variations of pressure occurring

in the auricle or ventricle were accordingly directly transmitted to the

manometer. He finds that the pressure of the auricle is almost constant

during the several cardiac phases. Instead of the pressure rising, as

Marey found, during the auricular systole, and becoming negative, i.e.

sinking below the pressure of the atmosphere, after the auricular systole,

1 CM. Med. Wiss. 1866, p. 179. 2 Marey, op. cit.

^ Ueber die Schwankungen des Blutdruckes in verschiedenen Abschuitten des Gefass-

systemes. Arheiten a. d. Physiolog. Laborator. d. Wurzhurger Hochschule, p. 183.
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Fig. 24. Diagram Illustrating Fick's Spring Manometer.

This consists essentially of a hollow flattened german-silver tube a, curved in the
form of an incomplete circle. The lower open end b, firmly fastened to the stand s,

is connected with a tube c, bearing a stop-cock. To the upper closed end d is attached
a light upright rod connected with the writing lever I.

Through the tube c the hollow curved spring is filled with alcohol, and the stop-
cock closed. The tube c is then connected with the artery by means of a non-elastic
flexible (leaden) tube filled with sodium carbonate solution. On opening the stop-cock
the variations of pressure of the blood in the artery are communicated to the fluid in
the hollow curved spring ; at each increase of pressure the spring expands, and the
movements of the free end d are transfen-ed to the writing lever I. The instrument
as generally sent out also bears an arrangement (not shewn in the diagram), by
which the point of the lever describes a straight instead of a curved line. The spring
raanometer is exceedingly useful where it is desirable to investigate closely the varia-
tions in the form of the pressure-curve. In order to measure the amount of varia-
tion, the instrument must be experimentally graduated.

according to Fick, it does not, apart from respiratory effects, vary more
than about 2 mm. of mercury from the base line of the pressure of the
atmosphere (Fig. 2.5 A), being for the most part slightly below it ; and the
elevations which are seen are coincident, not with its own systole, but that
of the ventricle. This result is quite in accordance with Fick's view of
the proper function of the auricles, viz. to keep the pressure constant at

the entrance of the gi-eat veins into the heart. Were the right auricle

absent there could be no flow from the veins into the heart during the
ventricular systole, and consequently an arrest for the time being of
the flow along the veins. By the presence of the auricle this evil is

avoided. During the ventricular systole, the auricle acts as a reservoir, its

w;ills being relaxed in diastole, and becoming expanded in proportion as
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Fig. 25. CuEVES Illustrating the Vaeiations of Peessuke in the Cavities of the

Heakt accoeding to Fick. (To be read from left to right.)

A. The pressure in the right auricle, h, the base line or line of pressure of one

atmosphere. The cm-ve of the auricular pressure is here for the most part shghtly

negative, rising to the base line during the ventricular systole.

R. V. The pressm-e in the right ventricle, h, the base line, as before, s, the com-
mencement of the systole. The pressure is seen to become negative duriag the

diastole.

L. V. The pressm-e hi the left ventricle. The base line is not shewn, but it occupies

about the same position as in R. V. s, the commencement of the systole.

The curve M is a. copy of one of Marey's curves of the left ventricle (differing somewhat
from that given in Fig. 22), introduced for the sake of comparison.

more and more blood flows into tlie auricle from the veins. During the

ventricular diastole, the extra room thereby afforded for the blood would

tend to diminish the pressure in the auricle j but this is the time when the

auricle contracts, and, by diminishing the capacity of its cavity in propor-

tion as its contents escape into the ventricle, maintains the pressure in the

auricular cavity fairly equable. According to this view however the

auricular systole ought immediately to succeed the ventricular systole;

Avhich it does not. This fairly constant pressure in the auricle Fick found

to be influenced by the respiratory movements, especially when the breathing

was laboured, rising considerably above the base line (of atmospheric pres-

sure) in expiration and sinking sometimes as much as 10 mm. below during

inspiration. The curves (Fig. 25, E,.Y. L.Y.) which he obtained from the

right and left ventricles, resemble very closely those of j\Iarey; the pressure

during the systole being in the dog on the right side from 20—40 mm., on

the left side about 140 mm. He found that on both sides the pressure

became negative, falling slightly below the base line, immediately after the

systole, rather more on the right side than on the left. Marey found the

same negative pressure immediately after the systole to be greater on the

left than on the right. Fick arrived at the puzzling result, which he says

cannot be due to sluggishness of the manometer, that with a quick pulse

the maximum pressiire in the left ventricle may be as much as 24 mm.
below that of the aorta. Though Fick's results have been corroborated by
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Gi^adle^ Marey^ insists that they are due to a faultiness of the manometer.
The more normal condition occurring with an ordinary rapidity of pulse,

is shewn in Fis;. 26.

Fig. 26. Curve Illustrating the Pressure in Left Ventricle as compared with
THAT IN Aorta. (To be read from left to right.)

At /the tube was withdrawn from the cavity of the ventricle through the semilunar
valves into the aorta. L. V., the pressure in the ventricle. A, the pressure in the
aorta. The more gradual fall of the pressure in the aorta is very marked, h the base
line. The curve L. V. differs slightly from L. V. in Fig. 25, because in the former the
aberration caused by the curvilinear movement of the writing lever (indicated by the
line r) has not been corrected.

The Mechanism of the Valves.

The auriculo-ventricular valves present no difficulty. As the
blood is being driven by the auricular systole into the ventricle, a
reflux current is set up, by which the blood, passing along the sides of
the ventricle, gets between them and the flaps of the valve (whether
tricuspid or mitral). As the pressure of the auricular systole di-

minishes, the same reflux current floats the flaps up, until at the
extreme end of the systole they meet, and thus the orifice is at once
and firmly closed, at the very beginning of the ventricular beat.

The increasing intraventricular pressure serves only to render the
valve more and more tense, and in consequence more secure, the
chordae tendinese and the contraction of the papillary muscles (simul-

taneous with that of the rest of the ventricular walls) preventing
the valve from being inverted into the auricle, and indeed keeping
the plane of the valvular sheet convex to the ventricular cavity, by
which means the complete emptying of the ventricle is more fully

effected. Since the same papillary muscle is in many cases con-
nected by chordae with the adjacent edges of two flaps, its contraction

also serves to keep these flaps in more complete apposition. Moreover
the extreme borders of the valves, outside the attachments of the
chordae, are excessively thin, so that when the valve is closed, these

thin portions are pressed flat together back to back ; hence while the

1 Wiener Med. Jahrb. 1876, p. 401. 2 Trav. du Lahorat. ii. 319.
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tougher central parts of the valves bear the force of the ventricular

systole, the apposed thin membranous edges, pressed together by the

blood, more completely secure the closure of the orifice.

The semilunar valves are, during the ventricular systole, pressed
outwards towards the arterial walls, and thus offer no obstacle to the
escape of blood from the cavities of the ventricles. As the ventricular

systole diminishes, a reflux current partially fills the pockets, and
tends to carry their free margins towards the middle of the tube.

Upon the sudden close of the systole, the elastic rebound of the
arterial walls causes a sudden current backwards, which, filling and
distending the pockets, causes their free margins to come into com-
plete and firm contact, and thus entirely blocks the way. The corpora
Arantii meet in the centre, and the thin membranous festoons or

lunulse are brought into exact apposition. As in the tricuspid valves,

so here, while the pressure of the blood is borne by the tougher
bodies of the several valves, each two thin adjacent lunulse, pressed

together by the blood acting on both sides of them, are kept in com-
plete contact, without any strain being put upon them ; in this way
the orifice is closed in a most efficient manner.

An ingenious view has been put forward by Briicke^ concerning the

action of the semilunar valves. He maintains that during the ventricular

systole, the flaps are pressed back flat agamst the arterial walls, and in the

ease of the aorta completely cover up the orifices of the coronary arteries

;

hence the flow of blood from the aorta into the coronary arteries can take

place only during the ventricular diastole or at the very beginning of the

systole, and not at all during the systole itself. The object of this, he
argues, is twofold. In the first place, the muscular tissue of the ventricle

is not burdened with blood at the moment that it is undergoing contraction,

but receives its nutritive supply during the phase of relaxation ; hence the

whole force of the contraction of the ventricular fibres is spent on the

contents of the cavity, and none is wasted in compression of the intra-mus-

cular blood-vessels. In the second place, the efiect of the flow, at the close

of the systole, into the previously emptied coronary arteries, is to unfold, so

to speak, the collapsed cavities of the ventricles very much in the same way
as the collapsed cavity of a double-walled ball may be reinstated by the

forcible injection of fluid into the space between the two walls. Through
this particular behaviour of the valves, in fact, the heart, as an after-efiect of

the systole, dilates its own ventricles; hence the mechanism has been
called by Briicke a 'self-regulating mechanism.'

Briicke's view has however been much disputed. In the first place, we
know that the flow of blood from an ordinary skeletal muscle, though it

may suflfer a brief initial check (probably from compression of the larger

veins), is increased and not diminished by a tetanic contraction of the

muscle, the increase being visible while the contraction is still at its height^

Corresponding to this lasting increased flow from the veins there must be

an increased flow into the arteries. And in certain dispositions of the

1 Wien. Sitz.-Berichte, 1854; and Der Verschliiss d. Kranzschlagadem.
2 Gaskell, Ludwig's Arbeiten, 1876 ; and Journ, Anat. and Phys., xi. 360.
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blood-vessels and muscular fibres (as wben a vessel is surrounded by fibres

running lengthways parallel to itself), the increased thickening of the fibres

•will tend not to compress but to dilate the vessel. The advantage to the

muscular tissue therefore of the closui-e of the coronary arteries seems at

least doubtful. In the second place, it has been urged that, in point of fact,

the mouths of the coronary arteries are not covered by the valves. Briicke

replies that they may appear uncovered during dissection after death, but

are actually covered during life. He moreover brings forward an experi-

ment on a pig's heart removed from the body, in which a stream of water

sent through the pulmonary veins and auricle into the left ventricle issues

through the open aorta, without a drop of it appearing at the cut end of an
opened coronaiy artery, if the aorta be maintained in a proper position,

and all vibi'ation and jar be avoided; and argues that it is the closure of

the orifices by the valves which prevents the flow, because any shake suffi-

cient to develope a backward current in the aorta and thus to lift up the

valves, at once gives rise to a flow. If however, as has been stated, the

experiment will succeed equally well in the absence of the valves, and will not

succeed if the free exit of fluid from the end of the aorta be hindered though

the valves be intact, the absence of a flow thi-ough the coronary artery must be

due to a deficiency of pressure in the aorta and not to any action of the valves.

The undoubted fact that blood flows from a wounded coronary artery in

jerks corresponding to the systole and not to the diastole, Briicke meets

with the observation that the coronary arteries must share just previous to

the closure of the valves in that increased pressure in the aorta which is

the cause of the closure of the valves, and that the higher pressure thus

gained at the beginning of the systole is maintained during the systole by
the obstruction to the outward flow arising from the contracting fibres

compressing the small vessels; while the empty condition of the small

branches of the coronary arteries and of the veins at the commencement of

the diastole, must diminish the pressure in the main coronary arteries

themselves during diastole, and so prevent a diastolic spurt fi'om a wound in

them. This however is hardly satisfactory, since as regards the systole, as

has been urged above, an obstruction of the flow from compression by the

muscular fibres is at least doubtful, and as regards the diastole the sup-

posed empty condition of the coronary vessels can produce an efiect only at

the very beginning of the diastole. On the other hand, Ceradini', who
observed the condition of the valves in an excised heart by looking down
through a wide glass tube inserted into the aorta, is of opinion that during

the systole the valves ai-e not applied close to the arterial wall, but float in

an intermediate position of equilibrium, maintained by reflux currents,

their orifice taking on the form of an equilateral triangle with curved sides.

The same reflux currents gradually (but of course rapidly) close the orifice

as the force of the systole diminishes, and the efiect of the elastic rebound

is simply to render the closui^e tense and firm. Thus, argues Ceradini, no
regurcitation of fluid from the aorta into the ventricle at the end of the

sy.stole and the beginning of the diastole is possible, and a hurtful waste,

which on Briicke's hypothesis seems unavoidable, averted.

The passage of the blood through the heart takes place as fol-

lows. The right auricle during its diastole, by the relaxation of its

1 Dcr Meclianismus der liallmondfdrmigen Ilerzklappen. Leipzig, 1872.
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muscular fibres, and by the fact that all pressure from the ventricle

is removed by the tension of the tricuspid valves, offers but little

resistance to the ingress of blood from the veins. On the other
hand, the blood in the trunks, both superior and inferior vena cava, is

under a certain though low pressure, augmented in the case of the
superior vena cava by gravity, and in consequence flows into the empty
auricle. At each inspiration, this flow is favoured by the negative
pressure in the heart and great vessels caused by the respiratory

movements. Before this has gone on very long, the diastole of the
ventricle begins, its cavity enlarges, the pressure in that cavity

becomes nil or even negative, the flaps of the tricuspid valve fall

back, and blood for some little time flows in an unbroken stream
from the venaj cav« into the ventricle. In a short time, however,
before much blood has had time to enter the ventricle, the auricle is

full, and forthwith its sharp sudden systole takes place. Partly by
reason of the onward pressure in the veins, which increases rapidlv
from the heart towards the capillaries, partly from the presence of

valves in the venous trunks and at the mouth of the inferior vena
cava, but still more from the fact that the systole begins at the
great veins themselves and spreads thence over the auricle, the
force of the auricular contraction is spent in driving the blood, not
back into the veins, but into the ventricle, where the pressure is still

exceedingly low.

Wtether there is any backward flow at all into veins, or even an
interruption to the forward flow, or whether bj the progressive character

of the systole the flow of blood continues, so to speak, to follow up the

systole without break so that the stream from the veins into the am-icle is

really continuous, is at present doubtful ; though a slight positive Avave of

pressure synchronous with the auricular systole, travelling backward along

the veins, has been observed at least in cases where the heart is beating

vigorously.

The ventricle thus being filled, the play of the tricuspid valves

described above comes into action, the auricular systole is followed
by that of the ventricle, and the pressure within the ventricle, cut off

from the auricle by the tricuspid valves, is brought to bear entirely

on the conns arteriosus and the pulmonary semilunar valves. As
soon as by the rapidly increasing force of the ventricular contraction,

the pressure within the ventricle becomes greater than that in the
pulmonary artery, the semilunar valves open, and the still increasing-

systole discharges the contents of the ventricle into that vessel. But
as the systole passes off, the pressure in the artery becomes greater

than that in the cavity of the ventricle, and a rebound of the blood
takes place. The first act of this rebound however is, as we have
seen, firmly to close the semilunar valves, and thus to shut off the
over-distended artery from the now empty, or nearly empty, ventricle.

During the whole of this time the left side has with still greater

energv been executing the same manoeuvre. At the same time that
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the vense cavee are filling the right auricle, the pulmonary veins are

fillins^ the left auricle. At the same time that the right auricle

is contracting, the left auricle is contracting too. The systole of

the left ventricle is synchronous with that of the right ventricle, but
executed with greater force ; and the flow of blood is guided on
the left side by the mitral and aortic valves in the same way that

it is on the right by the tricuspid valves and those of the pulmonary
artery.

The Sounds of the Heart.

When the ear is applied to the chest, either directly or by means
of a stethoscope, two sounds are heard, the first a comparatively long

dull booming sound, the second a short sharp sudden one. Between
the first and second sounds, the interval of time is very short, but
between the second and the succeeding first sound there is a
distinct pause. The sounds have been likened to the pronunciation

of the syllables, lubb, dtip, so that the cardiac cycle as far as the

sounds are concerned, naight be represented by :—lubb, dup, pause.

The relative duration of the sounds, and of the pause, as well as their

relations in point of time to the changes taking place in the heart,

are shewn in the following diagram. Fig. 27.

Fig. 27. Diagbammatic Eepresentation of the Movements and Sounds of the
Heart during a Cardiac Period. (After Dr Sharpet.)

The ventricular systole, which is here used to denote the action of the ventricle up
to the closure of the semilunar valves, is represented as occupying about 45 p. c, and
the two sounds together as rather more than half, of the whole period ; but the diagram
is intended to shew merely the general relations of the various events, and not to serve
us a means of measurement.

The second short sharp sound presents no difficulties. It is

coincident in point of time with the closure of the semilunar valves,



Chap, iv.] THE VASCULAR MECHANISM. 127

and is heard to the best advantage over the second right costal car-

tilage close to its junction with the sternum, i.e. at the point where
the aortic arch comes nearest to the surface. Its characters are such

as would belong to a sound generated by the sudden tension of valves

like the semilunar valves. It is obscured and altered, replaced by
'murmurs' when the semilunar valves are affected by disease, the

alteration being most manifest to the ear at the above-mentioned

spot when the aortic valves are affected. When the aortic valves

are hooked up by means of a wire introduced down the arteries, the

second sound is obliterated and replaced by a murmur. These facts

prove that the second sound is due to the sudden tension of the

aortic (and pulmonary) semilunar valves.

The first sound, longer, duller, and of a more 'booming' character

than the second, heard with greatest distinctness at the spot where
the cardiac impulse is felt, presents many difficulties in the way of a

complete explanation. It is heard distinctly when the chest-walls

are removed. The cardiac impulse therefore can have little or

nothing to do with it. In point of time, and in the position in which
it may be heard to the greatest advantage (at the spot of the cardiac

impulse where the ventricles come nearest to the surface), it corre-

sponds to the closure of the auriculo-ventricular valves. In point of

character it is not such a sound as one would expect from the vibra-

tion of membranous structures, but has, on the contrary, many of the

characters of a muscular sound. In favour of its being a valvular

sound, may be urged the fact that it is obscured, altered, replaced by
murmurs, when the tricuspid or mitral valves are diseased ; and
Halford^ found that clamping the great veins stopped the sound
though the beat continued. On the other hand, Ludwig and Dogiel""'

heard the sound distinctly in a bloodless dog's heart, in which there

was no fluid to render the valves tense and set them vibrating.

But there is a great difficulty in regarding it as a muscular sound,

for a muscular sound is the result of a tetanic contraction, the height

of the note produced varying with the number per second of the

simple contractions which go to make up the tetanus. A simple

contraction or spasm cannot possibly produce a musical sound, such

as is the cardiac sound. The beat of the heart is a comparatively

slow long-continued single spasm, and not a tetanic contraction. In
its long latent period, and in all its characters, the heart's beat bears

the stamp of being a single spasm. If so it cannot give rise to a

note.

When the rheoscopic muscle-nerve preparation (p. 64) is placed over

the heart, each beat of the heart (ventricle or auricle) is followed by a

single spasm, not by tetanus, of the rheoscopic muscle. By properly dis-

posing the nerve of the preparation a contraction corresponding to the

systole of the auricle followed rapidly by a second corresponding to the

1 Action and Sounds of the Heart. London, 1860.
- Ludwig's Arbelten, Jahrg. 1868.
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systole of the ventricle may be obtained, but in each case the contraction in

the leg is simple and not tetanic. This result is consistent with the view-

that the systole is a simple sj^asm, but cannot be regarded as a proof that it

is such. For it is not every tetanus in a muscle which will give a secondary

tetanus in the rheoscopic muscle. When the tetanus in a muscle is induced

by the ordinary interrupted current applied directly to the nerve of the

muscle, the tetanus in the rheoscopic muscle appears without difficulty, but

where the tetanus is produced by a constant current, the so-called breaking

or making tetanus (p. 59), the rheoscopic muscle responds by a single

(initial) spasm instead of a tetanus. The pronounced tetanus of strychnia

similarly gives rise to a simple initial spasm and not to a tetanus of the

rheoscopic muscle, and the same feature is characteristic of the natural

respiratory contractions of the diaphragm and probably of all voluntary

contractions ^

Moreover, in cases of liypertropTiy, -wliere the muscular element

and action is increased, the sound, so far from being increased, is

impaired. Hence, the first sound, whether it be regarded as the

result of the vibration of the auriculo-ventricular valves, acted upon

by, and in turn acting on, columns of blood, or as a muscular sound,

presents great difl&culties. No other cause, in the least satisfactory,

has been suggested ; and the difficulties are rather increased than

met by supposing that the sound is at once both valvular and mus-

cular in origin.

The Work dune.

We can measure with exactness the intraventricular pressure,

the leugth of each systole, and the number of times the systole is

repeated in a given period, but perhaps the most important factor of

all in the determination of the work of the vascular mechanism,

the quantity ejected from the ventricle into the aorta at each systole,

cannot be accurately determined ; we are obliged to fall back on

calculations having many sources of error. The mean result of these

calculations gives about 180 grms. (6 oz.) as the quantity of blood

which is driven from each ventricle at each systole in a full-grown

man of average size and weight. It is evident that exactly the same

quantity must issue at a beat from each ventricle ; for if the right

ventricle at each beat gave out rather less than the left, after a cer-

tain number of beats the whole of the blood would be gathered in

the systemic circulation. Similarly, if the left ventricle g-ave out

less than the right, all the blood would soon be crowded into the

lungs. The fact that the pressure in the right ventricle is so much
less than that in the left (30 or 40 mm. as compared with 200 mm,
of mercury), is due, not to differences in the quantity of blood in

the cavities, but to the fact that the peripheral resistance which has

to be overcome in the lungs is so much less than that in the rest of

the body.

1 Hering u, Frieclrich, Wien. Sitzungs-BericMe, lxxii. (1875).
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"Various methods have been adopted for calculating the average amount
of blood ejected at each ventricular systole. It has been calculated from
the capacity of the recently removed and as yet not rigid ventricle, filled

with blood under a pressure equal to the calculated average pressure in the

ventricle. This method of course presupposes that the whole contents of

the ventricle are ejected at each systole. Yolkmann^ measured the sec-

tional area of the aorta, and taking an average velocity of the blood in the
aorta (a very uncertain datum), calculated the quantity of blood which must
pass through the sectional area in a given time. The number of beats in

that time then gave him the quantity flowing through the area and conse-

quently ejected from the heart at each beat. The mean of many experi-

ments on different animals came out '0025 p. c. of the body weight, which
in a man of 75 kilos would be 187*5 grms. Yierordt measured the mean
velocity and the sectional area in the carotid, and thence, from a measure-
ment of the sectional area of the aorta, and from a calculation of the blood's

mean velocity in it, based on the supposition that the mean velocity in an
artery was inversely as its sectional area, arrived at the quantity flowing

through the aortic sectional area in a given time, and thus at the quantity

passing at each beat. Both these calculations are vitiated by the fact that

the variations of velocity in the aorta are so great, that any mean has

really but little positive value.

Fick^ by means of calculations based partly on the data gained by
observing the increase of the volume of the whole arm at each cardiac

systole, arrived at results much less than either of the above. In one case

he estimated the quantity ejected from the h^art at each beat at 53 grm.,

and in a second case at 77 grm.

It must be remembered tliat though it is of advantage to speak of

an average quantity ejected at each stroke, it is more than probable

that that quantity may vary within very wide limits. Taking, how-
ever, 180 grms. as the quantity ejected at each stroke at a pressure of

250 mm.^ of mercury, which is equivalent to 3'21 metres of blood,

this means that the left ventricle is capable at its systole of lifting

180 grms. 3'21 m. high, i.e. it does 578 gram-metres of work at each

beat. Supposing the heart to beat 72 times a minute, this would give

for the day's work of the left ventricle, nearly 60,000 kilogram-metres

;

calculating the work of the right ventricle at one-fourtli that of the

left, the work of the whole heart would amount to 75,000 kilogram-

metres. A calculation of more practical value is the following.

Taking the quantity of blood as jL- of the body weight, the blood of

a man weighing 75 kilos would be about 5,760 grms. If 180 grms.

left the ventricle at each beat, a quantity equivalent to the whole
blood would pass through the heart in 32 beats, i.e. in less than half

a minute.

^ Hamodynamih, p. 206.
^ Untcrsuch. Physiol. Lah. Zurich. Hochaclmle, Hft. i. p. 51 (18G9).
3 A liigli estimate is pui'posely taken here.

F. P.
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Variations in the Heart's heat.

These are for the most part in reality vital phenomena, i.e. brought
about by events depending on changes in the vital properties of some
or other of the tissues of the body. It will be convenient, however,

briefly to review them here, though the discussion of their causation

must be deferred to its appropriate place.

The frequency of the heart, i. e. the number of beats in any
given time, may vary. The average rate of the human pulse or

heart-beat is 72 a minute. It is quicker in children than in adults,

but quickens again a little in advanced age. It is quicker in the

adult female than in the adult male, in persons of short stature

than in tall people. It is increased by exertion, and thus is quicker

in a standing than in a sitting, and in a sitting than in a lying

posture. It is quickened by meals, and while varying thus from time

'

to time during the day, is on the whole quicker in the evening than
in early morning. It is said to be on the whole quicker in summer
than in winter. Even independently of muscular exertion it seems
to be quickened by great altitudes. Its rate is profoundly influenced

by mental conditions.

The lengtli of the systole may vary, though as a general and
broad rule it may be stated that a frequent differs from an infrequent

pulse chiefly by the length of the diastole.

Donders found the length of the systole as measured by the interval

between the first and second sounds to be for ordinary pulses remarkably

constant iw. different persons, varying not more than from "327 to '301 sec,

and being therefore relatively to the whole cardiac period less in slow than

in quick pulses. Garrod ^ deduces from a number of sphygmographic
tracings the law, which Thurston^ finds to hold good in pulses varying from

42 to 128, that the length of interval between the commencement of the

primaiy and that of the dicrotic rise in the curve of the radial pulse (and

this he takes as a measurement of the cardiac systole, see the following

section) is constant in different individuals for the same pulse-rate, and
varies as the cube root of the pulse-rate ; but other observers have failed to

verify his results, and the meaning of the interval in the pulse-curve is not

free from doubt.

The force of the beat may vary ; the ventricular systole may be

weak or strong.

When the rate of beat is suddenly increased there is a tendency for the

individual beats to be diminished in force, and on the other hand to be

increased in force when the rate is diminished. But there is no necessary

connection between rate and strength; both a frequent and an infrequent

pulse may be either weak or strong.

The character of the beat may vary ; the systole may be sudden
and sharp, rapidly reaching a maximum and rapidly declining, or

^ Froc. Roy. Soc, Vol. 18, p. 351. ^ Jourii. Anat. and Fhys., x. p. 491.
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slow and lengthened, reacliing its maximum only after some time

and declining very gradually; the latter being the slow pulse {pulsus

tardus) as distinguished from the infrequent pulse (pulsus varus).

The pulse is also sometimes spoken of as being slapping, and some-

times as heaving.

The rhythm may be intermittent or irregular. Thus in an inter-

mittent pulse, a beat may be so to speak dropped—the hiatus

occurring either regularly or irregularly. In an irregular rhythm

succeeding beats may differ in length, force or character.

Sec. 3. The Pulse.

When the finger is placed on an artery, such as the radial, an
intermittent pressure on the finger, coming and going with the beat

of the heart, is felt. When a light lever such as that of the sphygmo-
graph is placed on the artery, the lever is raised at each beat, falling

between. The pressure on the finger, and the raising of the lever,

are expressions of the expansion of the elastic artery, of the temporary
additional distension which the artery undergoes at each systole of

the ventricle. This intermittent expansion is called the pulse; it

corresponds exactly to the intermittent outflow of blood from a
severed artery, being present in the arteries only, and in a normal
state of things, absent from the veins and capillaries. (The so-called

venous pulse, which is something entirely different, will be considered

subsequently.) The expansion is frequently visible to the eye, and
in some cases, as where an artery has a bend, may cause a certain

amount of locomotion of the vessel.

All the more important phenomena of the pulse may be wit-

nessed on an artificial scheme.

If two levers be placed on the arterial tubes of an artificial^

scheme, one near to the pump, and the other near to the peripheral

resistance, with a considerable length of tubing between them, and
both levers be made to write on a recording surface, one immediately
below the other, so that their curves can be more easily compared,
the following facts may be observed, when the pump is set to work
regularly.

1. With each stroke of the pump, each lever (Fig. 28, 1, and II.) rises

to a maximum, la, 2a, and then falls again, thus describing a curve,

—the pulse-curve. This shews that the expansion of the tubing passes

the point on which the lever rests in the form of a wave. At one mo-
ment the lever is quiet : the tube beneath it is simply distended to the

normal permanent amount indicative of the mean arterial pressure; at

the next moment the pulse expansion reaches the lever, and the lever

1 By this is simply meant a system of tubes, along wliich fli:id can be driven by a
pump worked at regular intervals. In the course of the tubes a (variable) resistance is

introduced in imitation of the capillary resistance. The tubes on the proximal side of

the resistance consequently represent arteries ; those on the distal side, veins.

9—2
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begins to rise, and continues to do so until tlie top of the wave
reaches it, after which it falls again until it is once more at rest, the

wave having completely passed by.

The rise of each lever is somewhat sudden, but the fall is more
gradual, and is generally marked with some irregularities. The
suddenness of the rise is due to the suddenness with which the

sharp stroke of the pump expands the tube ; the fall is more
gradual because the elastic reaction of the walls, whereby the tube

returns to its former condition after the expanding power of the

pump has ceased, is gradual in its action.

2, The size and form of each curve depends in part on the

amount of pressure exerted by the levers on the tube. If the levers

only just touch the tube in its expanded state, the rise in each will

be insignificant. If on the other hand they be pressed down too

firmly, the tube beneath will not be able to expand as it otherwise

would, and the rise of the levers will be proportionately diminished.

There is a certain pressure, depending on the expansive power of

the tubing, at which the tracings are best marked.

3. If the points of the two levers be placed exactly one under

the other on the recording surface, it is obvious that, the levers being

alike except for their position on the tube, any difference in time

between the movements of the two levers will be shewn by an in-

terval between the beginnings of the curves they describe, if the re-

cording surface be made to travel sufficiently rapidly.

If the movements of the two levers be thus compared, it will be

seen that the far lever (Fig. 28, II.) commences later than the near

one (Fig. 28, I.) ; the farther apart the two levers are, the greater is

the interval in time between their curves. Compare the series I. to VI.

(Fig. 28). This means that the wave of expansion, the pulse-wave,

takes some time to travel along the tube. By exact measurement
it would .similarly be found that the rise of the near lever began

some fraction of a second after the stroke of the pump.
This travelling of the expansion-wave, or pulse-wave, must be

carefully distinguished from the propagation of the shock given by
the stroke of the pump. When a long glass (or other rigid) tube

filled with water is smartly tapped at one end, the blow is im-
mediately felt as a shock at the other end. The transmission of this

shock, if carefully measured, would be found to be exceedingly rapid

;

compared with the pulse-wave now under consideration, it would

be practically instantaneous. When fluid is driven by the strokes

of a pump along a rigid tube, a similar shock, travelling equally

rapidly, may be readily felt, and might be registered with a lever.

When however the tube along which the fluid is being pumped is

elastic, the force of the pump is so much taken up in expanding the

tube, that the shock is reduced to very small dimensions. It be-

comes so slight, that it makes no impression on such levers as are

used to register the expansion-wave.
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The velocity with which the pulse-wave travels depends chiefly

on the amount of rigidity possessed by the tubing. The more
extensible (with corresponding elastic reaction) the tube, the slower

is the wave ; the more rigid the tube becomes, the faster the wave
travels. According to Bonders the size of the tube has no marked
influence. According to Marey the initial velocity, the steepness of

50Y^̂ ^AAAAAAAAAAAAAAA/
Fig. 28. Pulse-curves described by a series of sphygmograpliic levers placed at in-

tervals of 20 cm. from each otber along an elastic tulbe into which fluid is forced by the

sudden stroke of a pump. The pulse-wave is travelling from left to right, as indicated

by the arrows over the primary (a) and secondary [b, c] pulse-waves. The dotted vertical

lines drawn from the summit of the several primary waves to the tuning-fork curve below,

each complete vibration of which occupies Jg- sec, allow the time to be measured, which

is taken up by the wave in passing along 20 cm. of the tubing. The waves a' are

waves reflected from the closed distal end of the tubing; this is indicated by the

direction of the arrows. It will be observed that in the more distant lever VL the

reflected wave, having but a slight distance to travel, becomes fused with the primary

wave. (From Marey.)
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the wave, has an influence on its rate of progress. In the human
body the wave has been estimated to travel at a rate of 9 to 10

metres (Weber 9*240 ; Garrod 9—10'8, or according to Landois 5 to

6 metres) a second. It probably varies very considerably. According

to all observers the velocity of the wave in passing from the groin to

the foot is greater than that in passing from the axilla to the wrist

(G743 mm. against 5772). This is probably due to the fact that the

femoral artery with its branches is more rigid than the axillary.

Since with increase of mean tension, the arteries become more and
more rigid, it would be expected that the velocity would increase with the

mean tension. According to Weber it does not.

4. When two curves taken at dijfferent distances from the pump
are compared with each other, the far curve will be found to be
shallower, with a less sudden rise, and with a more rounded summit
than the near curve : compare 5 a with 1 a, Fig. 28. In other words,

the pulse-wave as it travels onward becomes diminished and flattened

out. If a series of levers, otherwise alike, were placed at intervals

on a piece of tubing sufficiently long to convert the intermittent

stream into a continuous flow, the pulse-wave might be observed

to gradually flatten out and grow less until it ceased to be visible.

Care must be taken not to confound the progression of the pulse-

wave with the progression of the fluid itself. The pulse-wave

travels over the moving blood somewhat as a rapidly moving natu-

ral wave travels along a sluggishly flowing river, the velocity of

the pulse-wave being 9 metres per sec, while that of the current

of blood is not more than "5 metre per sec. even in the large

arteries, and diminishes rapidly in the smaller ones.

Taking the duration of the systole of the ventricle as
-jV

of a

second, it is evident that the pulse-wave started by any one systole,

if it travels at 9 m. per sec, will before the end of the systole have
reached a point, -^-^ of 9 m. = 3'6 m. distant from the ventricle. In
other words, the wavedength of the pulse-wave is much longer than
the whole of the arterial system, so that the beginning of each wave
has become lost in the small arteries and capillaries some time before

the end of it has finally left the ventricle.

The general causation of the pulse may then be summed up some-

what as follows. The systole of the ventricle drives a quantity of fluid

into the already full aorta. The portion of the aorta next to the heart

expands to receive it, thus giving rise to the sudden upstroke of the

pulse-curve. The systole over, the aortic walls, by virtue of their

elasticity, tend to return to their former calibre, and the aortic valves

being closed, this elastic force is spent in driving the blood onward.

The elastic recoil being slower than the initial expansion, the down-
stroke of the pulse-curve is more gradual than the upstroke. Of this

portion of the aorta, which actually receives the blood ejected from the

heart, the part immediately adjacent to the semilunar valves begins

to expand first, and the expansion travels thence on to the end of
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Fig! 29. a. I'ig. 29. 6.
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Sphygmogeaph teacing teom the ascending Aoeta (Aneurismal dilatation).

Amplified 40 times.

In this and the succeeding pulse-curves, B indicates the predicrotic wave, C the

dicrotic wave^.

N.B. These curves are introduced to shew the general features of the pulse-curve

in various arteries. Not being on the same scale or taken under the same circum-

stances, they are not intended for careful comparison.

h. Fbom cabotid aeteey of A healthy man (set. 26), amplified 30 times.

Fig. 29. c. Fig. 29. d.

c. Feoji the EADiAii aeTeey OP THE SAHE PEESON AS 29. b. Pressure 4 oz. Ampli-
fied 90 times, as are also the succeeding curves.

(Where not otherwise indicated this is the amplification of all the pulse-curves.)

d. FeOM RADIAL AETEEY OP A HEALTHY MAN LESS ATHLETIC THAN 29. C. PreSSm'e 3 OZ.

Fig. 29. p..

e. Feom the doesalis pedis of the same peeson as h. and c. Pressure 3 oz.

Fig. 29. /. Fig. 29. g.

f. Teacing op pulse fully diceotic : peediceotic wave also shewn. Pressui-e

3 oz. (? Typhoid Fever.)

g. Pulse fully diceotic, and dicrotic wave veey laege. Pressure 1 oz. (Typhoid

Fever.)

1 For this and the succeeding pulse-curves I am indebted to the great kindness of

Dr Galabin.
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Fig. 29. 7i. Fig. 29. It.

Ti. Pulse with teet labge peedicrotic wave. Pressure 4 oz. (Acute Albu-
minuria.

)

k. Htpekdiceotic pulse, the dicrotic wave becoming lost on the succeeding
BEAT. Pressure \ oz. After haemorrhage in typhoid fever.

this portion. In the same way it travels on from this portion
through all the succeeding portions of the arterial system. For
the total expansion required to make room for the new quantity of

blood cannot be provided by that portion alone of the aorta into
which the blood is actually received ; it is supplied by the whole arte-

rial system ; the old quantity of blood which is replaced by the new
in this portion has to find room for itself in the rest of the arterial

space. As the expansion travels onward, however, the increase of

pressure which each portion transmits to the succeeding portion will

be less than that which it received from the preceding portion, for the
whole increase of pressure due to the systole of the ventricle has to

be distributed over the whole of the arterial system, and a fraction of

it must therefore be left behind at each stage of its progress ; that is

to say, the expansion is continually growing less, as the pulse travels

from the heart to the capillaries; hence the diminished height of the
pulse-curve in the more distant arteries, and its disappearance in the
capillaries.

Secondary Waves. In the natural pulse-curve the fundamental
wave is seen to be marked by two or more secondary waves imposed
upon it. These secondary waves vary much according to circum-
stances, and are consequently of interest, as throwing light on the
condition of the vascular system.

In an artificial scheme, two kinds of secondary waves are seen.

1. Waves of oscillation. When a moderate quantity of fluid is

injected into the tube at each stroke, one,, two, or more secondary
waves are seen to follow the primary one. They are the more marked,
the more sudden the stroke, the more extensible (and elastic) the
tubing, and the less the pressure in it. When the pump is a pump
without valves, they form a regular decreasing series, succeeding the
primary wave, and travelling at the same velocity as it (Fig. 28, I. II.

III. h, c), but becoming sooner obliterated.

These waves are due to the inertia of the elastic walls, and of the
contained fluid, and so correspond to the secondary oscillations of the
mercury in a manometer. If the tube be filled with air instead of



Chap, iv.] TEE VASCULAR MECEANISM. 137

water, they are almost entirely absent. If mercury be employed
instead of water, they become very conspicuous.

When the quantity of fluid injected is large compared with the

calibre of the tubing, the secondary waves may be seen on the

descending line of the primary wave.

2. Reflected waves. When the tube of the artificial scheme
bearing two levers is blocked just beyond the far lever, the primary

wave is seen to be accompanied by a second wave, which at the far

lever is seen close to, and often fused into, the primary wave (Fig. 28,

yi. a), but at the near lever is at some distance from it (Fig. 28, I.

a), being the farther from it, the longer the interval between the

lever and the block in the tube. This second wave is evidently the

primary wave reflected at the block and travelling backwards towards

the pump. It thus of course passes the far lever before the near one.

The secondary waves of oscillation may be similarly reflected.

Of the secondary waves on the natural pulse-curve, two deserve

special notice.

The first and most important is the dicrotic ivave occurring

towards the end of the descent. This is always more or less marked
in every pulse ; it may be witnessed in the aorta as well as in other

arteries (Fig. 2.9, a to e, C). Sometimes it is so slight as to be hardly

discernible. Sometimes it is so marked as to give rise to the ap-

pearance of a double pulse, hence the name (Fig. 29,/, g, C).

It is more pointed in the aorta, and in the larger arteries near to the

heart, than iu the more distant and smaller ones ; its summit indeed

rounds off more rapidly than does that of the primary one. According to

Garrod the interval between the primary and dicrotic rises of the pulse-

curve is the same, for any given pulse-rate, in the radial, carotid and

posterior tibial arteries, and is therefore probably the same in all arteries.

This -would shew that the primary and secondary waves travel at the same
rate, but Landois and othei-s state that the interval is longer in the more
distant arteries.

The conditions which favour the development of the dicrotic

wave are chiefly :— (1) A sudden sharp ventricular systole. (2) Low
tension. Hence dicrotism, not previously well marked, may be

brought on at once by diminution of the peripheral resistance by
section of the vaso-motor nerves (see Sec. 5). (3) Extensibility (with

elastic reaction) of the arterial walls. Hence dicrotism is not well

seen in arteries rigid from disease. It may be well marked in one

artery and yet very slight in another.

Can we explain the dicrotic wave by shewing that it is either a

wave of oscillation, or a reflected wave ? That the dicrotic wave is

not one reflected from the periphery is clearly shewn by the fact that

its distance from the summit of the primary curve is either greater

or at least is not regularly less at points of the arteries nearer the

capillaries than at points farther from them. This feature indeed
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shews that the dicrotic wave cannot be in any way a retrograde wave.
Again, the more the primary wave is obliterated by tlie elastic action
of the arterial walls, the less should be the reflected wave. Hence
dicrotism should diminish with increased extensibility and elastic

reaction of the walls. The reverse is the case. Besides, the multi-
tudinous peripheral division of the arterial system would render one
large peripherally reflected wave impossible.

On the other hand, all the conditions which favour dicrotism, also

favour the occurrence of waves of oscillation. If Fig. 28 I. be com-
pared with Fig. 29 c, the similarity between the wave of oscillation h

in the one case and the dicrotic wave C in the other is very striking.

And we shall probably not go far wrong if we regard the dicrotic

wave as in the main a wave of oscillation. There is however evidence
that it is not a simple wave of oscillation but one of mixed character,

the movement of oscillation being reinforced by a wave of expansion
arising from the closure of the aortic valves.

It has been questioned whether waves of oscillation, so manifest in an
artificial scheme, do occur to any extent in the arteries of the body, sur-

roiuided as these are by tissues which it is argued must tend to act as

dampers towards any oscillations due to inertia. But there is no positive

evidence of the existence of any such marked damping action, and the

remarkable similarity between the tracings obtained by means of exposed

tubes and those given by arteries in situ is sufficient evidence that in this

respect the two behave alike.

That however the dicrotic wave is not simply due to the inertia of the

vessels but mixed in character, is shewn by its peculiar features. In simple

waves of oscillation, such as those shewn in Fig. 28 I. the first wave of

oscillation is the largest, the succeeding ones diminishing in size. Now the

dicrotic wave, though undoubtedly the most prominent and in many cases

the only observable secondary wave, is not the first secondary wave. It is

frequently preceded by the so-called ' predicrotic ' wave, which, sometimes
(Fig. 29 h) of considerable size, is probably also a wave of oscillation. If

both these are waves of oscillation, there must be causes at work tending

to diminish the first (predicrotic) or to exaggerate the second (dicrotic).

And there is an event which readily suggests itself as likely to reinforce the

later occui'ring wave of oscillation, viz. the closure of the aortic valves.

At the close of the ventricular systole the pressure in the aorta becomes
higher than that in the ventricle itself, and the blood in consequence tends

to flow back towards the ventricle. Thus the pressure in the aorta havmg
reached its maximum begins to fall by reason of the backwai'd as well as of

the forward flow of the blood. But the closure of the semilunar valves

gives a check to this fall. A new wave of expansion starting from the

valves is propagated along the aorta and great arteries in sequence to the

main primary wave. If we suppose this wave, due to the closure of the

aortic valves, to coincide with a wave of oscillation, the prominence of the

latter as the dicrotic wave becomes intelligible. This view is supported by
the fact that insufficiency in the working of the semilunar valves, the so-

called aortic regurgitation, materially interferes with the development of the

dicrotic wave. That the wave in question should wholly disappear under
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these circumstances, is not to be expected, seeing on the one hand that it is

partly a wave of oscillation, and on the other that the valves need not be

perfectly closed in order that a secondary vt^ave of expansion may be started

at the end of the systole. Such a wave would be originated by any obstacle

to the return of blood into the ventricle, and such an obstacle must exist with

even the most imperfect valves, or otherwise the circulation would soon

come to an end, Garrod', ari-anging a cardiograph registering the cardiac

impulse and a sphygmograph registering the radial pulse in such a way
that they both wrote on the same recording surface, came to the conclusion

that the commencement of the dicrotic rise in the latter corresponded to

the point in the former which has been interpreted (Fig. 22, e") as in-

dicating the closure of the aortic valves. This is of course in favour of

the view given above.

Dr Burdon Sanderson however denies that the aortic valves act as

above explained in producing the dicrotic wave, basing his opinion on the

grounds : 1st, That not only may the dicrotic wave be produced, but that a

tracing presenting all the graphical characters of the radial pulse tracing

may be obtained, on an artificial scheme in the absence of any valves cor-

responding to the aortic valves ; 2nd, That the form of a tracing taken at

any point of an artificial scheme may be modified at pleasure, and any

natural pulse tracing imitated by introducing changes into the distal portion

of the scheme while the portion corresponding to the heart remains abso-

lutely the same. The view he takes is somewhat as follows. If J. be a

point in the arterial system and B a more distal point, the maximum expan-

sion of B will take place somewhat later than the maximum expansion of

A ; when B is at its maximum of expansion, A will be already declining.

As the elastic reaction of B sets in it exerts a pressure not only forwards

but backwards, so that the decline of expansion in B may be regarded as

giving rise to a wave of expansion travelling forwards, and to a wave of

expansion travelling backwards, the latter reaching A during the decline of

expansion at that point, and therefore giving rise in tI to a secondary

expansion. This secondary expansion due to the action of the artery at

the single point B is of course small ; but what is true of B is also true of

all the points distal to A. Consequently the artery at the point A is, during

the decline of its primary expansion, subject to a secondary expansion

caused by the elastic reaction of all the arteries in front of, i.e. more distal

than, itself The dicrotic wave at any given point is in fact a secondary

expansion brought about by the combined elastic reaction of the more distal

portions of the system.

The other secondary wave worthy of notice, the so-called predi-

crotic wave, Fig. 29, h, B, is much more variable than the dicrotic.

Its mode of origin is obscure, but it is probably a wave of oscillation.

Sometimes, though rarely, the dicrotic wave is followed by still another

wave, which seems to be simply a wave of oscillation. The pulse is then

said to be ' tricrotic'

In some instances the predicrotic wave appears to be broken into two,

and it becomes often very difficult to distinguish those secondary waves of

the pulse-curve which are really due to events taking place in the artery

^ Proc. Roy. Soc. sis. p. 318.
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from those whicli have tlieir origin (througli inertia in the spring, &c.)

in the instrument itself \ It is worthy of notice that the summit of the

curve of intra-ventricular pressure, Fig. 25, LY, is also marked by one or

more secondary waves, bearing a considerable resemblance to the predicro-

tic wave. In the curves obtained by Landois^, by allowing the blood from

the end of a divided artery to spurt out on to a recording surface, there is

no trace of a predicrotic wave though the dicrotic wave is exceedingly well

marked.

The pulse then is the expression of two sets of conditions : one

pertaining to the heart, and the other to the arterial system. The
arterial conditions remaining the same, the characters of the pulse

may be modified by changes taking place in the beat of the heart

;

and again, the beat of the heart remaining the same, the pulse may
be modified by changes taking place in the arterial walls. Hence
the diagnostic value of the pulse-characters. It must however be

remembered that arterial changes may be accompanied by com-

pensating cardiac changes, to such an extent, that the same features

of the pulse may obtain under totally diverse conditions, provided

that these conditions affect both factors in compensating directions.

II. The Vital, Phenomena of the Circulation.

So far the facts with which we have had to deal, with the ex-

ception of the heart's beat itself, have been simply physical facts. All

the essential phenomena which we have studied may be reproduced

on a dead model. Such an unvarying mechanical vascular system

would however be useless to a living body whose actions were at all

complicated. The prominent feature of a living mechanism is the

power of adapting itself to changes in its internal and external circum-

stances. In such a system as we have sketched above there would be

but scanty power of adaptation. The well-constructed machine might

work with beautiful regularity ; but its regularity would be its de-

struction. The same quantity of blood would always flow in the

same steady stream through each and every tissue and organ, irre-

spective of local and general wants. The brain and the stomach,

whether at Vi^^ork and needing much, or at rest and needing little,

would receive their ration of blood,, allotted with a pernicious

monotony. Just the same amount of blood would pass through the

skin on the hottest as on the coldest day. The canon of the life of

every part of the whole period of its existence Avould be furnished

by the inborn diameter of its blood-vessels, and by the unvaiying

motive power of the heart.

Such a rigid system however does not exist in actual living

beings. The vascular mechanism in all animals which possess one

1 Compare Dr Galabin, Journ. of Anat. and Plnjs. Vol. yiii. p. 1, also Vol. x. p. 297..

Si Pfiuger's ArcMv, ix. (1874) 71.
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is capable of local and general modifications, adapting it to local

and general chancres of circumstances. These modifications fall into

two great classes :

1. Changes in the heart's beat. These, being central, have of

course a general effect.

2. Changes in the peripheral resistance, due to variations in the

calibre of the minute arteries, brought about by the agency of their

contractile muscular coats. These changes may be either local or

general.

To these may be added as subsidiary modifying events :

3. Changes in the peripheral resistance of the capillaries due to

infl.uences arising out of the as yet obscure relations existing between
the blood within and the tissue without the thin permeable capillary

walls, and depending on the vital conditions of the one or of the

other. Such changes causing an increase of peripheral resistance are

seen to a marked degree in inflammation.

4. Changes in the quantity of blood in circulation.

The two first and chief classes of events (and probably the third)

are directly under the dominion of the nervous system. It is by
means of the nervous system that the heart's beat and the calibre of

the minute arteries are brought into relation with each other, and
with almost every part of the body. It is by means of the nervous
system acting either on the heart, or on the small arteries, or on both,

that a change of circumstances affecting either the whole or a part of

the body is met by compensating or regulative changes in the flow of

blood. It is by means of the nervous system that an organ has a
more full supply of blood when at work than when at rest, that the
stream of blood through the skin rises and ebbs with the rise and
fall of the temperature of the air, that the work of the heart is tem-
pered to meet the strain of overfull arteries, and that the arterial

gates open and shut as the force of the central pump waxes and
wanes. Each of these vital factors of the circulation must therefore

be considered in connection with those parts of the nervous system
which are concerned in their action.

Sec. 4, Changes in the Beat of the Heaet.

We have already discussed the more purely mechanical pheno-
mena of the heart. We have therefore in the present section only to

inquire into the nature and working of the mechanism by which the

beat of the heart is maintained, varied, and regulated.

When a frog's ventricle which has ceased to beat spontaneously

is stimulated by touching it with a blunt needle, a beat is frequently

called forth ; this artificial beat differs in no obvious characters from
a natural beat. The latent period of such an artificial beat is re-
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markably long, the length varying within very wide limits. Thus

the cardiac contraction is more like that of an unstriated than of a

striated muscle. The beat is in fact a modified or peculiar form of

peristaltic contraction. In the hearts of some animals, the ventricle

forms a straight tube ; and in these the peristaltic character of the

beat is obvious ; but in a twisted tube like that of the vertebrate

ventricle, ordinary peristalsis would be impotent to drive the blood

onward, and is accordingly so far modified that the peristaltic charac-

ter of the beat is recognised only when the action of the heart be-

comes slow and feeble.

One great feature of the cardiac heat producecl by artificial stimulation

is seen in the absence of any relationship between the strength of the

stimulus employed to produce a beat and the amount of contraction evoked.

The heat with which a heart responds to a stimulus, e. g. a single induction

shock, is, if there be any response at all, equally large when a feeble as

when a strong stimulus is used, though the strength of the beat evoked

either by a strong or a weak stimulus may vary very considerably within

even a very short period of time.

When a second induction shock is sent in at a certain interval after

a first, the beat due to the second shock is often larger than the first, the

beneficial effects of a contraction (see p. 77) being even still more manifest

in the heart than in an ordinary skeletal muscle. Frequently by successive

shocks of equal intensity a 'staircase' of beats of successively increasing

amplitude may be produced.

When a second induction shock follows upon the first too rapidly, it

is apparently without effect; no second beat is produced. So also when
a series of rapidly repeated induction shocks are sent in, a certain number
of them are thus 'ineffectual;' the application of the ordinary interrupted

current gives rise not to a tetanus but to a rhythmic series of beats. The
'refractory period,' which is so brief in the skeletal muscle (see p. 69), is

very prolonged in the cardiac muscle. So also in a spontaneously beating

heart, induction shocks sent in at a certain phase of a cardiac cycle, e.g. the

commencement of the systole, are ineffectual, though they produce forced

beats when sent in at the other phases of the cycle'.

Nervous mechanism of the Beat. The beat of the heart is an
automatic action; the muscular contractions which constitute the beat

are caused by impulses which arise spontaneously in the heart itself.

This cannot be proved in the case of the warm-blooded vertebrates,

for the hearts of these cease to beat very soon after removal from the

body ; but there is no reason whatever against, and every reason for,

thinking that the heart of a mammal or of a bird is in its funda-

mental working exactly like that of a frog or of a turtle. We shall

therefore take for granted that the principal laws of the heart's beat,

which are shewn by the frog's heart, also hold good for those of

higher animals.

The heart of a frog (or of a turtle or fish, &c.) will continue

1 Cf. Bowditcli, Ludwig's Arheiten, 1871; and Marey, Travaux du Laborat. ii.

(187G), p. 63.
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to beat for hours, or under favourable circumstances for days, after

removal from the body. The beat goes on even after the cavities

have been cleared of blood, and indeed when they are almost empty
of all fluid. The beats are more vigorous, and last longer, when the

heart is removed by incisions which leave the sinus venosus still

attached to the auricles. The excised heart does however, though
not so readily, continue to beat spontaneously when removed by an
incision carried through the auricles so that a portion of the auricles

together with the sinus venosus is left behind in the body. In
this case the parts left behind are seen also to go on beating by
themselves.

If in an excised heart the ventricle be divided from the auricles,

both ventricle and auricle will go on beating. Each moiety has then
an independent rhythm. If the spontaneously-beating auricle be
bisected longitudinally, each lateral half will go on beating spon-

taneously. Each lateral half may be still further divided, and yet the

pieces will under favourable circumstances go on pulsating. The
ventricle will go on beating when bisected longitudinally; but if it be
cut across transversely, the lower half remains motionless, while the
upper goes on pulsating. The power of spontaneous pulsation is

limited to the extreme base, for if the transverse incision be carried

only at a little distance from the auriculo-ventricular groove all power
of spontaneous pulsation is lost in the lower part. When these several

parts of the heart are examined, it is found that in all of those which
beat spontaneously ganglia are present, while from the ventricle

except at the extreme base ganglia are absent. There are ganglia in

the sinus, ganglia in the auricular septum and walls, ganglia in the

auriculo-ventricular groove, but none have been found in the mass
of the ventricle itself. From these facts the conclusion is drawn that

the spontaneous pulsations in the heart are in some way associated

with, and due to the action of, the ganglia scattered in its substance.

Of these ganglia those in the sinus seem more potent than those

in other parts of the heart.

The exact manner in which these ganglia act is still obscure. Though
the portion comprising the lower two-thirds of the venti'icle remains after

separation from the basal third permanently quiescent, it may be thrown into

rhythmic contractions, indistinguishable in their character from normal beats,

by the application of the constant current. It will also give apparently

spontaneous rhythmic beats, when supplied, accordiug to the Leipzig method,

with rabbit's serum or dilute rabbit's blood \ For this purpose, a tube, com-

pletely divided by a longitudinal partition into two canals, is introduced into

the cavity of the ventricle, and the latter securely ligatured round the tube

at the junction of the ujDper and middle thirds. Fluid introduced through

one canal at a low pressure distends the ventricle, and when a beat takes

place, is driven out through the other canal. Fed in this way with rabbit's

serum or blood, almost any part of the ventricle may be made after a period

1 Merunowicz, Ludwig's Arheiten, 1875, p. 132. Compare however Bernstein,

Centralbt. f. Med. Wiss. 1876, 385, 435.
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of rest to execute what are apparently spontaneous rliythmic pulsations.

If it be uro-ed tliat tlie serum or blood is a stimulus wliicli provokes con-

tractions tliere still remains the difficulty, why the continued stimulus

produces not a continued contraction, but a rhythmic pulsation. Moreover,

ia the case of the rhythmic beats evoked by the constant current, the cur-

rent cannot during its passage be regarded as a stimulus in the ordinary

sense of the word.

Inhibition of the Beat. The beat of the heart may be stopped

or checked, i.e. may be inhibited by efferent impulses descending

the vagus nerve.

If while the beats of the heart of a frog or rabbit are being care-

fully registered (Fig. 30) an interrupted current of moderate strength

|1|1A/IAJU„

Fig. 30. Inhibition o^f Feog's Heaet by stimulation of the Vagus.

The contractions of the ventricle are registered by means of a simple lever, so that

each rise of the lever corresponds to a beat. The interrupted current was thrown in at

a, and shut off at 6. It will be seen that one beat occurred after a, and that the pause
continued for some time after &. To he read from right to left.

be sent through one of the vagi, the heart is seen to stop beating.

It remains for a time in diastole, perfectly motionless and flaccid.

If the duration of the current be short and the strength of the

current great, the standstill may continue after the current has been

shut off; the beats when they reappear are generally at first feeble

and infrequent, but soon reach or even go beyond their previous

vigour and frequency. Czermak, by pressing his vagus against a

small osseous tumour in his neck, and thus mechanically stimulating

the nerve, was able to stop at will the beating of his own heart ; it

need hardly be added that such an experiment is a dangerous one.

The effect is not produced instantaneously ; if on the curve the

point be exactly marked as at a (Fig. 30) where the current is

made, it will frequently be found that one beat at least occurs after

the current has passed into the nerve. In other words, the inhibitory

action of the vagus has a long latent period ; this has been estimated

by Bonders to last in the rabbit '16 sec. The inhibitory effect is at a

maximum soon after the moment of application of the current, and
diminishes gradually onward. The effect, especially with weak cur-

i^ents, is much more in the direction of prolonging the diastole, than
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of diminisliing the extent of the systole. Hence with weak currents,

no actual stoppage takes place, but the pauses between the beats are

much prolonged, especially at the beginning of the action of the cur-

rent, and the pulse thereby rendered slow. If the application of the

current for a time be soon followed by a second application of the

same current, the effects are very markedly less. This is due not to

exhaustion of the vagus fibres but to something which has taken
place in the heart, possibly in the ganglia, for a stimulation, say of

the left vagus, immediately following that of the right vagus, is

equally diminished in effect. During the standstill, direct stimu-

lation of the heart, as by touching the auricle or ventricle, will pro-

duce a single beat; though spontaneous pulsations are absent, the

irritability of the muscular fibres is not destroyed.

The stimulus need not be an interrupted current; mechanical

and chemical stimulation of the vagus also produces inhibition,

though less readily.

After atropin, even in a minute dose, has been injected into the

blood, stimulation of the vagus even with the most powerful currents

produces no inhibition whatever. The heart continues to beat as if

nothing were happening; atropin in some way or other does away
with the normal inhibitory action of the vagus.

The above facts shew that the events which, are at the bottom of vagtis

inhibition are complex. The following considerations render this still

more evident.

A single-induction shock rarely pi-oduces an effect which can be mea-
sured ; but a series of shocks repeated at intervals (the interval may be

equal to or even greater than the length of a whole cardiac cycle) pro-

duces very marked inhibition.

The stimulus may be applied at any part of the course of either vagus

(though it frequently happens in the frog that one vagtis is more efficient

than the other) ; but perhaps the most marked effects are produced, when
the electrodes are placed on the boundary-line between the sinus venosus

and the auricles.

In slight urari poisoning, the inhibitory action of the vagus is still

present ; in the profounder stages it disappears, but even then inhibition

may be obtained by applying the electrodes to the sinus.

In order to explain this result it has been supposed that the inhibitory

fibres of the vagus terminate in an inhibitory mechanism (probably gan-

glionic in nature), seated in the heart itself, and that the urari, while in.

large doses it may paralyse the terminal fibres of the vagus, leaves this inhi-

bitory mechanism intact and capable of being thrown into activity by a

stimulus applied directly to the sinus. After atropin has been given,

inhibition cannot be brought by stimulation either of the vagus fibres or of

the sinus, or indeed of any part of the heart. Hence it is inferred that

atropin, unlike urari, paralyses this intrinsic inhibitory mechanism itself

After the application of muscarin or jaborandi, the heart stops beating,

and remains in diastole in perfect standstill. Its appearance is then

exactly that of a heart inhibited by profound and lasting vagus stimulation.

This, effect is not hindered by urari. The application however of a small

F. P. 10
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dose of atropin at once restores the beat. These facts are interpreted as

meaning that mxiscarin (or jaborandi) stimvJates or excites the inhibitory

apparatus spoken of above, which atropin paralyses or places hors de

combat. It is doubtful whether the standstill produced by muscarin after

it has been put on one side by atropin, can be brought back again by
further doses of muscarin. In the case of jaborandi it can. When jabo-

randi is carefully applied to the ventricle externally, the ventricle may be

brought to a standstill, while the auricles continue to go on beating as

usual ^

Nicotin, when given, first slows the heart even to a standstill ; but after

a while the beats recover their usual rhythm. Stimulation of the vagus is

then found to have no eflfect ; muscarin however at once produces

a standstill, which in turn may be removed by atropin. The initial

slowing effect is absent if atropin or urari be previously given. These

facts are interpreted as shewing that nicotin first excites the terminal

fibres of the vagus, producing inhibitory effects, but that this excitement

ends in an exhaustion of these fibres. The action of the drug however is

limited to the terminal fibres of the vagus, and does not bear on the in-

trinsic inhibitory apparatus, with which these fibres are connected ; hence

while, after nicotin poisoning, stimulation of the trunk of the vagus is

ineffectual, a small dose of muscarin, which acts directly on the apparatus

itself, produces standstill.

If a ligature be drawn tightly round the junction of the sinus venosus

with the auricles, or if the auricles be separated from the sinus by an
incision carried along the boundary-line between the two, a standstill is

produced closely resembling vagus inhibition, and, still more, muscarin

standstill. The quiescence thus induced may last an indefinite time.

This experiment we owe to Stannius^ During the standstill, there is a

great tendency for the ventricle to beat before the auricles, when a pulsa-

tion is induced by a stimulus applied directly to the heart ; and when the

ventricle is separated by an incision from the auricles, the former will

recommence beating, while the latter remain as quiescent as before.

Two interpretations have been offered of this standstill. It has been
suggested that the ligature or section stimulates the endings of the vagus,

and so produces inhibition. This is disproved by the fact that the standstill

appears equally well, whether atropin have been previously given or not.

According to the other view, the really automatic movements of the heart

depend on the ganglia in the sinus, the pulsations which appear in the

isolated ventricle or auricles being in reality reflex pidsations, or pulsations

caused by some stimulus not really automatic, and therefore not so lasting

;

or, if there be an automatic apparatus in ventricle or auricle, it is kept in

check by the action of the inhibitory apparatus spoken of above, and only

makes its presence felt on some stimulus being applied. This view again

is disproved by the fact that if the siniis be gradually separated from
the aiu'icles, no standstill takes place. The whole subject needs further

elucidation.

Reflex Inhibition. This inhibitory action of the vagus may be
brought about by reflex action. If the abdomen of a frog be laid

bare, and the intestine be struck sharply, as with the handle of a

1 Langley, Journ. Anat. x. (1875) 187. ^ MuUer's Archiv, 1852, p. 85.
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scalpel, the heart will stand still in diastole with all the phenomena
of vagus inhibition. If the nervi mesenterici or the connections of

these nerves with the sympathetic chain be stimulated with the

interrupted current, cardiac inhibition is similarly produced. If in

these two experiments both vagi are divided, or the medulla oblongata

destroyed, inhibition is not produced, however much either the intes-

tine or the mesenteric nerves be stimulated. This shews that the

phenomena are caused by impulses ascending along the mesenteric

nerves to the medulla, and so affecting a portion of that organ as to

give rise by reflex action to impulses which descend the vagi as

inhibitory impulses. The portion of the medulla thus mediating be-

tween the afferent and efferent impulses may be spoken of as the

cardio-inhibitory centre.

If the peritoneal surface of the intestine be inflamed, very gentle

stimulation of the inflamed surface will produce marked inhibition;

and in general the alimentary tract seems in closer connection with

the cardio-inhibitory centre than other parts of the body; but appa-

rently stimuli if sufficiently powerful will through reflex action pro-

duce inhibition from whatever part of the body they may come.

Thus crushing a frog's foot will stop the heart. In ourselves the

fainting from emotion or from severe pain is the result of a reflex

inhibition of the heart, the afferent impulses in the one case at least,

and probably in both cases, reaching the medulla from the brain.

Direct stimulation of the centre itself, such as occurs during the

destruction of or results from injury to the medulla, of course pro-

duces inhibition.

Thus by nervous links, the regulative action of the inhibitory

mechanism is brought into more or less close communion with all

parts of the body.

The question naturally arises, Has this cardio-inliibitory centre any-

automatic action?

In the dog, and also, though to a far less extent, in the rabbit, section

of both vagi is followed by a quickening of the heart's beat. This result

may be interpreted as shewing that the centre in the medulla exercises a

permanent restraining influence on the heart; that organ in fact being

habitually curbed up. (The argument that the effects of an artificial

stimulation of the vagus soon wear off, and that therefore a permanent

stimulation of the vagi, leading to permanent inhibitory action, would be

impossible, may be met by the suggestion that the effects of natural stimu-

lation need not necessarily wear off.) If however, previous to the section

of the vagi, afferent impulses to the centre in the medulla are cut off by
the section of the spinal cord below the medulla, and by division of the

cervical sympathetic chain, no acceleration follows the division of the vagi.

This would shew that the action of the medulla in this matter is purely

reflex, and not automatic. Such an experiment, however, introduces

many sources of error; and perhaps, the question itself is at bottom a

barren one. Granting, however, the existence of a centre in the medulla,

which either automatically or otherwise is in permanent action, it is

obviously open to us to speak of reflex inhibition as bemg brought about by.

10—2
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influences which, augment the action of that centre. But we have seen

that active nervous centres are subject, not only to augmentative, but also

to inhibitory influences. Hence the cardio-inhibitory centre might itself

be inhibited by impulses reaching it from various quarters. In other

words, the beat of heart might be quickened by a lessening of the normal

action of its inhibitory centre in the mediilla. It is in fact probable, that

many cases of quickening of the heart's beat are produced in this way;

though the matter requires further investigation.

Accelerator nerves. The heart's beat may in the mammal be quick-

ened, even after division of both vagi, by direct stimulation of the cervical

spinal cord. The effects produced, however, are very complex, and led, on

their first being made known, to much discussion, one outcome of which

was the discovery of certain nerves of a very peculiar character, which pass

from the cervical spinal cord, frequently along the nerve accompanying the

vertebral artery, and reach the heart through the last cervical and first

thoracic ganglia; these have been called the 'accelerator nerves.' Their

sym.

syTTi.t^or.

FiG. 31. The last cervical and first thoracic ganglia in the rabbit. (Left side.)

(Somewhat diagrammatic, many of the various branches being omitted.)

Track. Trachea, ca. carotid artery, sb. subclavian artery, n. Vag. the vagus

trunk, n. rec. the recurrent laryngeal, sym. the cervical sympathetic nerve ending

in the inferior cervical ganglion, gl. cerv. inf. Two roots of the ganglion are shewn,

rad. the lower of the two accompanying the vertebral artery, A. vert., being the

one generally possessing accelerator properties, gl. thor. pr. the first thoracic ganglion.

Its two branches communicating with the cervical ganglion surround the subclavian

artery forming the annulus of Vieussens. sym. thor. the thoracic sympathetic chain.

71. dep. depressor nerve. This is joined in its course by a branch from the lower

cervical ganglion, there being a small ganglion at their junction, from which proceed

nerves to form a plexus over the arch of the aorta. It is this branch from the lower

cervical ganglion which possesses accelerator properties—hence the course of the

accelerator fibres is indicated in the figure by the arrows.
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course is different in the rabbit and in the dog, see Figs. 31 and 32, and
indeed varies even in the same kind of animal. Stimulation of these nerves
with the interrupted current, causes a quickening of the heart's beat, in
which, what is gained in rate is lost in force, for the blood-pressure is not
necessarily increased, but may remain the same, or even be diminished. The
latent period of the action of these nerves may be enormously long, amount-
ing to as much as 10 seconds. The effect is therefore a very appreciable

time in making its appearance ; i-ising gradually to a maximum, it after a
while slowly declines. The effects require for their production very strong

currents ; and it is a very remarkable feature of these nerves (in cats at

least), that absolute exhaustion is with difficulty produced in them'. They
seem^ to be unaffected by the various poisons which act upon the vagus and
other parts of the nervous system of the heart, and are effective in the
midst of profound asphyxia. Their influence is closely dependent on
temperature; at low temperatures their influence is slight, and long in

V. iJ/TJt.

Fig. 32. The last ceetical and first thoeacic ganglia in the dog.

The cardiac nerves of the Dog. The figure is largely diagrammatic, and represents

the left side.

v. sym. the united vagus and cervical sympathetic nerves, gl. cerv. i. the

inferior cervical ganglion, n. v. the continuation of the trunk of the vagus.

ann. V. the two branches forming the annulus of Vieussens round the subclavian

artery, art. subcl., and joining gl. th. pr., the first thoracic or stellate ganglion (the

branch running in front of the artery is considered by Schmiedeberg to be an especial

channel of accelerator fibres), sym. thorac. the sympathetic trunk in the thorax.

r. vert, communicating branches from the cervical nerves running alongside the

vertebral artery, the rami vertebrales. n. rec. the recurrent laryngeal, n. c. cardiac

branches from the lower cervical ganglion, accelerator nerves of Schmiedeberg. n' c'.

cardiac branches from the first thoracic ganghon, accelerator nerves of Cyon. n" c".

cardiac branch from recurrent nerve, r. rec. branch from lower cervical ganglion to

the recurrent nerve, often containing accelerator fibres.

1 Boehm. Archiv f. Exp. Path. iv. (1875) 255.
^ Schmiedeberg, Ludwig's Arbeiten, 1871.
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making its appearance ; as tlie temperature rises their action becomes more
and more powerful. They are not to be considered as antagonistic to the

vagi ; for if during maximum stimulation of the accelerator nerves the

vagus be stimulated, even -with miaimum currents, inhibition is produced

with the same readiness as if these were not acting'. The period of in-

hibition however is followed by a period of acceleration similar to that pro-

duced by the action of the accelerator alone, the vagus action appearing

simply to prevent, during its continuance, the manifestation of the ac-

celerator action but not otherwise to modify it. We know at present little

concerning the share which these nerves take in the natural actions of the

economy. If, as later researches of Baxt would seem to shew, their acceler-

ating effect is characterized by an actual shortening of the cardiac systole,

it is obvious that the quickening of the heart's beat produced by their

action is something quite different from the quickening indirectly brought

about by a diminution of the activity of the cardio-inhibitory centre.

The beat of the heart then may be modified, and so adapted to

the needs of the body, by means of the vagi nerves and the general

nervous system of the body. It is however also affected by influences

brought to bear directly on the heart itself. Thus chemical changes
in the blood, as seen for instance in the action of the poisons discussed

above, profoundly affect the beat of the heart. When the heart by
the method described above (p. 143) is fed with rabbit's serum, the
beats, whether spontaneous or provoked by stimulation, are apt to

become intermittent and to arrange themselves into groups. This
intermittence is due to the chemical action of the serum ; and it is

probable that the cardiac intermittence seen during life has often a
similar causation. Various chemical substances in the blood, natural

or morbid, may thus affect the heart's beat by acting on its muscular
fibres, its reflex or automatic ganglia, or its intrinsic inhibitory

apparatus.

The physical or mechanical circumstances of the heart also affect

its beat ; of these perhaps the most important is the amount of the
distension of its cavities. The contractions of cardiac muscle, like

those of ordinary muscle (see p. 69), are increased up to a certain

limit by the resistance which they have to overcome ; a full ventricle

will, other things being equal, contract more vigorously than one less

full ; though, as in muscle, the limit at which resistance is beneficial

may be passed, and an over-full ventricle will cease to beat at all.

The influences of resistance in the case of the heart are, however, more
complex than those of ordinary muscle, since in the former we have to deal

with the rate as well as the vigour of the beat.

The effects of mechanical conditions, and at the same time the
manner in which they are complicated by vital factors, may be well

shewn in discussing

The relation of the heart's beat to blood-pressure. When the

blood-pressure is high, not only is the resistance to the ventricular

' Baxt, Die Stellung des N. vagus zum N, accelerans, Ludwig's Arbeiten, 1875.
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systole increased, but, otlier things being equal, more blood flows

through the coronary artery. Both these events would increase the

work of the heart, and we might expect that the increase would be
manifest in the rate of the rhythm as well as in the force of the indi-

vidual beats. As a matter of fact, however, we do not find this. On
the contrary, as Marey has insisted, the relation of heart-beat to pres-

sure may be put almost in the form of a law, that " the rate of the

beat is in inverse ratio to the arterial pressure;" a rise of pressure

being accompanied by a diminution, and fall of pressure with an
increase of the pulse-rate. This however only holds good if the vagi

be intact. If these be previously divided, then in whatever way the

blood-pressure be raised—whether by injecting blood or clamping the

aorta, or increasing the peripheral resistance, through that action of

the vaso-motor nerves which we shall have to describe directly—or in

whatever way it be lowered, no very clear and decided relation be-

tween blood-pressure and pulse-rate is observed^. It is inferred there-

fore that the effect of increased blood-pressure in slowing the pulse,

when the vagi are intact, is brought about through the high blood-

pressure stimulating the cardio-inhibitory centre in the medulla and
thus partially inhibiting the heart.

When the blood-pressure, after section of the vagi, is raised by the

injection of additional blood or by clamping the aorta, the heart's beats are

increased in strength, as shewn by the larger excursions of the manometer
;

the fact that this is not accompanied by any change in the rate, suggests

that there must be some compensating agency at work. Sometimes, even

after section of the vagi, a slight slowing is observed when the pressure

is increased ; this has been attributed to the action of the increased arterial

pressure on the endings of the vagus fibres in the heart itself.

The Effects on the Circulation of Changes in the Heart's Beat.

Any variation in the heart's beat directly affects the blood-

pressure unless some compensating influence be at work. The most
extreme case is that of complete inhibition. Thus if, while a tracing

of arterial pressure is being taken, the beat of the heart be suddenly

arrested, some such curve as that represented in Fig. 33 will be
obtained. It will be observed that immediately after the last beat,

there is a sudden rapid fall of the blood-pressure, the curve described

by the float more or less closely resembling a parabola. At the close

of the last systole, the arterial system is at its maximum of dis-

tension ; forthwith the elastic reaction of the arterial walls propels

the blood forward into the veins, and there being no fresh fluid

injected from the heart, the fall of the mercury is unbroken, being

rapid at first, but slower afterwards, as the elastic force of the arterial

walls is more and more used up. With the returning beats, the mer-

1 Nawrocki, Ludwig's Festgabe, p, ccv.
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Fig. 33, Tracing, shewing the influence of Cardiac Inhibition on Blood-pres-
sure. From a Babbit.

The current was thrown into the vagus at a and shut off at h. It will be
observed that one beat is recorded after the commencement of the stimulation. Then
follows a very rapid fall, continuing after the cessation of the stimulus. With the

returning beats, the mercury rises by leaps until the normal pressure is regained.

cury correspondingly rises in successive leaps until the normal pressure

is regained. The size of these returning leaps of the mercury may
seem extraordinary. Fig. 34, but it must be remembered that by far

the greater part of the force of the first few strokes of the heart is

expended in distending the arterial system, a small portion only of

the blood which is ejected into the arteries passing on into the veins.

As the arterial pressure rises, more and more blood passes at each

beat through the capillaries, and the rise of the mercury at each

beat becomes less and less, until at last the whole contents of the

ventricle passes at each stroke into the veins, and the mean arterial

pressure is established. To this it may be added, that the force of

the individual beats is somewhat greater after than before inhibition

;

that is to say, the period of depression is followed by a period of re-

action, of exaltation. Besides, the inertia of the mercury tends to

magnify the effects of the initial beats.

If while the force of the individual beats remains constant the

frequency is increased or diminished, and vice versa, if while the fre-

quency remains the same the force is increased or diminished, the

pressure is proportionately increased or diminished. This clearly

must be the case ; but obviously it is quite possible that the beats

might, "while more frequent, so lose in force, or while less frequent, so

increase in force, that no difference in the mean pressure should

result. And this indeed is not unfrequently the case. So much so,

that variations in the heart-beat must always be looked upon as a
far less important factor of blood-pressure than the peripheral

resistance.
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Fig. 34. Blood-Pee ssuee duking Caediac Inhibition. Feom a Dog.

(The tracing reads from riglat to left.

)

The line T indicates the time at which the recording surface was travelling, the

vertical hnes marking seconds. The line S indicates the application of the stimulus,

an interrupted current being thrown into the vagus during the break in the line. It

wiU be noticed that in this case, the stimulus being comparatively weak, the beats

recommenced before the current was shut off. The large leaps of the mercury, &,

caused partly by the slowness of the first beats after the pause, are very conspicuous,

indeed unusually large.

Thus when the heart's beat is quickened by stimulation of the accele-

rator, no increase in the blood-pressure is observed. This, in the absence

of any peripheral changes, must result from a proportionate diminution of

the force of the individual strokes.

An increase in the quantity of blood ejected at each beat must
necessarily augment, and a decrease diminish, the blood-pressure,

other things remaining the same. But the quantity sent out at each

beat, on the supposition that the ventricle always empties itself at

each systole, will depend on the quantity entering into the ventricle

during each diastole, and that will be determined by the circum-

stances not of the heart itself, but of some other part or parts of the

body.
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Sec. 5. Changes in the Calibre of the Minute Arteries.
Yaso-motor Actions.

The middle coat of all arteries contains circularly disposed plain

nmscular fibres. As the arteries become smaller, the muscular ele-

ment becomes more and more prominent as compared with the

elastic element, until, in the minute arteries, the middle coat consists

entirely of a series of plain muscular fibres wrapped round the elastic

internal coat. Nerve-fibres belonging to the sympathetic system are

distributed largely to blood-vessels, but their terminations have not as

yet been clearly made out. By galvanic, or still better by mechanical

stimulation, this muscular coat may, in the living artery, be made to

contract. During this contraction, which has the slow character be-

longing to the contractions of all plain muscle, the calibre of the vessel

is diminished.

If the web of a frog's foot be examined under the microscope, any
individual small artery will be found to vary in calibre, being some-

times narrowed and sometimes dilated. During the narrowing, which
is obviously due to a contraction of the muscular coat of the artery,

the attached capillary area with the corresponding veins becomes less

filled with blood, and paler. During the stage of dilation, which
corresponds to the relaxation of the muscular coat, the same parts are

fuller of blood and redder. It is obvious that, the pressure at the

entrance into any given artery remaining the same, more blood will

enter the artery when relaxation takes place and consequently the

resistance offered by the artery is lessened, and less when contraction

occurs and the resistance is consequently increased. The blood al-

ways flows in the direction of least resistance.

The small arteries frequently manifest what may be called spontaneous

variations in tlieir calibre, and these variations are very apt to take on a

distinctly rhythmical character. If a small artery in the web of the frog

be carefully watched, it will be seen from time to time to vary very con-

siderably in width, without any obvious change taking place in the heart's

beat or any events occurring in the general vaso-motor system. Similar

variations may be witnessed in the vessels of the mesentery of a mammal.
The most striking and most easily observed instance of rhythmical con-

striction and dilation is to be found in the median arteiy of the ear of

the rabbit. If the ear be held up before the light, it will be seen that at

one moment the artery appears as a delicate hardly visible pale streak, the

whole ear being at the same time pallid. After a while the artery slowly

widens out, becomes thick and red, the whole ear blushing, and many small

vessels previously invisible coming into view. Again the artery narrows

and the blush fades away ; and this may be repeated at somewhat irregular

intervals several times a minute. The extent and regularity of the

rhythm are markedly increased if the rabbit be held up by the ears for a

short time previous to the observation. If the sympathetic be severed, these

rhythmic movements cease for a time ; but in the course of a few days are

re-established, even if the superior cervical ganglion be removed. Thus
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though normally ' dependent on the central nervous system (unless we
suppose that the mere section of the nerve is sufficient to create a shock

lasting several days) these rhythmic movements can make their appearance

independently of that system. Some local mechanism is therefore sug-

gested ; and yet no ganglionic cells have been discovered which would
serve as such a mechanism. Similar rhythmic variations in the calibre of

the arteries have been observed in several places, e.g. in the saphena artery

of the rabbit, in the axillary artery of the tortoise, and in the small arteries

of the muscles of the frog
;
probably they are widely spread. They may be

compared with the rhythmic movements of the veins in the bat's wing and
of the caudal vein of the eel.

The extent and intensity of the constriction or dilation are found
to vary very largely. Irregular variations of slight extent occur even
when the animal is apparently subjected to no disturbing causes. By
appropriate stimulation the arteries may be either constricted, in some
cases almost to obliteration, or dilated until they acquire double or

more than double their normal diameter. Thus in the frog section

of the sciatic nerve in the thigh causes a brief constriction followed

frequently by a very marked dilation of the arteries, not only of the
whole of that web, but of the rest of the foot. The whole limb in fact

may become redder. Very frequently, however, section of the sciatic

is followed by no distinct alteration in the calibre of the vessels of

the web beyond perhaps an initial constriction. Stimulation of the
peripheral stump of the divided nerve by an interrupted current of

moderate intensity, is followed by a constriction, often so great as

almost to obliterate some of the minute arteries. Sometimes, but not
invariably, this constriction is followed by a dilation, which may or

may not be marked.

The constriction of the arteries of the web as the result of nerve-stimu-

lation, is more certain when the small nerve supplying the foot is operated

on, than when the main trunk of the sciatic is stimulated high up.

These facts shew that the contractile elements of the minute
arteries of the web of the frog's foot are capable by contraction or

relaxation of causing constriction or dilation of the calibre of the

arteries ; and that this condition of constriction or dilation may be
brought about through the agency of nerves.

Vaso-motor nerves. In the mammal, division of the cervical

sympathetic on one side of the neck causes a dilation of the

minute arteries of the head on the same side, and an increased

supply of blood to the parts. If the experiment be performed on
a rabbit, the effect on the circulation in the ear is very striking.

The whole ear of the side operated on is much redder than normal,

its arteries are obviously dilated, its veins unusually full, innumerable
minute vessels before invisible come into view, and the temperature
may be more than a degree higher than on the other side.

If the upper cut end of the nerve (i,e, the part connected with the

head) be placed on a pair of electrodes, and stimulated with an
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interrupted current, the ear again becomes pale, mucli paler than

normal if the current be strong, the vessels diminish in size, so that

the smaller ones disappear; and the temperature falls. On the

current ceasing, the dilated and flushed condition, after a short pause,

returns.

Division of the sciatic nerve in a mammal causes a similar dila-

tion of the small arteries of the foot and leg. Where the condition of

the circulation can be readily examined, as for instance in the hair-

less balls of the toes, the vessels are seen to be dilated and injected
;

and a thermometer placed between the toes shews a rise of tempera-

ture amounting, it may be, to several degrees. Division of the

brachial plexus produces a similar dilation of the blood-vessels of

the front limb. Division of the splanchnic nerve produces a dila-

tion of the blood-vessels of the intestine. Division in the mammal
of the lingual nerve on one side of the head, causes a dilation of

.

the vessels in the corresponding half of the tongue. A similar effect

follows division of the hypoglossal ; and if both lingual and hypo-

glossal be severed, the effect is still more marked.

If one of the thin muscles of a frog be placed under the micro-

scope, and its circulation watched while the nerve going to the

muscle is still intact, it will be seen that division of the nerve is

immediately followed by a dilation of the small arteries, and an
increased flow of blood through the muscle.

In fact, in various parts of the body certain vascular areas stand

in such a relation to certain nerves that the division of one of these

nerves causes a dilation of the minute arteries in, and consequently

an increased supply of blood to, a corresponding vascular area. These
nerves, which belong sometimes to the sympathetic, sometimes to the

cerebro-spinal system, are called ' vaso-motor ' nerves.

It is frequently the case that the nerve, the division of which

causes dilation, produces, when stimulated, effects other than those

in which the blood-vessels are concerned, for instance the contraction

of a skeletal muscle. The nerve cannot then be said to be simply a

vaso-motor nerve, it is accordingly spoken of as containing vaso-motor

fibres, just as an ordinary spinal nerve is spoken of as containing

sensory and motor fibres.

Judging by what can be seen in the web of the frog's foot, it may
fairly be said that the minute arteries of the vascular areas, when
these and their appropriate vaso-motor nerves are in a normal con-

dition, are in a state of moderate constriction, due to a permanent
moderate contraction of the muscular coats, but that when the vaso-

motor nerves are divided, the moderate contraction of the muscular

coats gives way to a relaxation which produces a dilation of the

arteries, and a consequent suffusion of the areas. This moderate

contraction is often spoken of as a 'tonic' contraction. When it is

present, the arteries are said to 'possess tone'. When it gives place

to relaxation, as after division of the vaso-motor nerves, the arteries

are said to have ' lost tone '.
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Vaso-motor centre. The questions now arise : How is this tonic

condition maintained, and what is the exact way in which division

of a vaso-motor nerve causes 'loss of tone'? It has been said that

division of the cervical sympathetic trunk causes a loss of tone in the

arteries of the corresponding side of the head and face. This loss is

evident in whatever part of its length the nerve be divided, from the

upper to the lower cervical ganglion both included. The effect when
the upper cervical ganglion is destroyed or removed is perhaps even

more striking than when the trunk only is divided. Division of the

sympathetic trunk below the inferior cervical ganglion, as for instance

section of the thoracic trunk, does not produce this loss of tone in the

vessels of the face, which however is produced by the division of the

rami communicantes, passing from the lower cervical and upper dor-

sal spinal cord to the inferior cervical ganglion. Section, moreover,

of a lateral half of the spinal cord in the cervical region produces loss

of tone in the vessels of the face of the same side ; and a section car-

ried right across the spinal cord in this region, causes loss of tone on
both sides of the head. The same effect is seen wherever the section

of the cord be made between a lower limit, at the level of lower cer-

vical and upper dorsal vertebrae, and a higher limit in the medulla

oblongata, of which we shall speak directly. Section of the parts

above and below these limits has no such effect.

Putting all these facts together, the simplest explanation seems

to be as follows :

Under normal conditions, a certain tonic influence is continually

being generated in a portion of the cerebro-spinal system, situate at

the upper part of the medulla oblongata. This influence is as con-

tinually passing down the cervical spinal cord, leaves the cord by the

rami communicantes (the paths here being somewhat variable), and
ascending the cervical sympathetic, reaches the arteries of the head
and face. The result of this influence is to keep these arteries in a

state of tonic contraction. If by any of the sections spoken of above,

this path is broken, the vaso-motor tract is interrupted, and in con-

sequence the arteries, deprived of the wonted influence, lose their

tone and dilate. Similarly with the other vascular areas. The vaso-

motor influences governing the vessels of the lower limbs have been

traced back with more or less distinctness along the sciatic and
crural nerves, through the lumbar and sacral plexuses, and so into the^

spinal cord.

It is possible however that influences may pass out of the cord liiglier

up into the abdominal sympathetic, and thence join the sciatic in the

pelvis, or pursue a separate course along sympathetic nerves direct to the

vessels.

The vaso-motor influences to the arm again may be traced back

to the spinal cord along the brachial plexus.

Here also apparently influences may pass downwards through the

cervical sympathetic by branches joining the brachial plexus, and also up-
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wards along the thoracic sympathetic by branches leaving the spinal cord

by the anterior roots of the 3rd to 7th dorsal nerves. These again may
possibly pass in part directly to the vessels by a purely sympathetic tract.

The vaso-motor influences to the intestine may be traced back
along the splanchnic nerves to the spinal cord. From all these, and
other various parts, the influences may be traced back up the cord

to the medulla oblongata. Hence, section of the spinal cord in the

dorsal region, above the exit of the nerves of the sacral and lumbar
plexuses, causes loss of tone in the blood-vessels of the lower limbs

;

section still higher up in the dorsal region causes in addition loss of

tone in the arteries governed by the splanchnic nerve. Section in

the upper cervical region adds to this loss of tone of the vessels of

the fore limbs, and so on. Section in fact of the medulla oblongata,

or of the cord immediately below the medulla, causes loss of tone all

over the body, as shewn by the great diminution of the peripheral

resistance leading to a large sinking of arterial pressure and an accu-

mulation of blood in the venous system. Section of the crura cerebri

above the medulla oblongata, i. e. above the upper limit spoken of

above, produces no such lasting loss of tone, though it may have an
immediate and passing effect.

These additional facts seem in turn to be most easily explained

by supposing that there exists in the medulla oblongata a vaso-motor

centre (presumably a group of ganglionic cells), whence tonic influ-

ences are continually proceeding to arteries all over the body, and
maintaining the tone of all the vascular areas supplied by those

arteries.

Owsjannikow^ has attempted to define the limits of such a centre. He
places the lower limit in the rabbit at 4 or 5 mm. above the point of

the calamus scriptorius, and the higher limit at about 4 mm. higher up,

viz. 1 or 2 mm. below the corpora quadrigemina. The centre according

to him is bilateral, the halves being placed not in the middle line but more
sideways and rather nearer the anterior than the posterior surface. The
facts which led Cyon to believe that the vaso-motor centre extended higher
up into the brain, seem capable of being otherwise explained.

Such a vaso-motor centre has an analogue in the intrinsic

ganglia of the heart, and a still closer one in the respiratory centre,

of which we shall speak hereafter.

The connection between a rhythmic and a tonic action is very close ; so

that the rhythmical variations in arteries described above may be regarded

as special cases of tonic actions, the tonic being possibly converted into a
rhythmic movement in the arteries themselves.

The existence of such a general vaso-motor centre in the medulla
oblongata is not contradicted by the supposition that the spinal cord may
act as a centre in special vaso-motor actions, as for instance when the

lumbar cord serves as a centre for reflex vaso-motor actions, if not as

1 LucTwig's Arlciten, 1871, p. 21.



Chap, iv.] TEE VASCULAR MECHANISM. 159

an automatic tonic centre for the blood-vessels of the lower limbs after

division of tbe cord in the dorsal region \ In the frog, indeed, any part

of the spinal cord seems to act so readily as a vaso-motor centre^, that

it may be doubted whether we are justified in speaking of that animal as

possessing a general medullary vaso-motor centre. And even in the mam-
mal it is possible that the medullary vaso-motor centre is not so dominant
as, in the description given above, it is represented to be. In the first

place the vascular area governed by the splanchnic nerves is so capacious

that the removal of the tonic influence exerted by those nerves may produce

a fall of arterial pressure almost as large as that caused by the loss of tone

over the rest of the body; so that the efiects of loss of tone in the

splanchnic area (and the vaso-motor centre of this area seems undoubtedly

to lie in the medulla oblongata) might easily be confounded with the efi'ects

of loss of tone in the body generally. In the second place, in the experi-

ments entailing section of the spinal cord in various regions, sufficient care

has perhaps not been taken to distinguish between the immediately tem-

porary (paralysing) and the ultimate, permanent efiects of the operation.

Thus the loss of tone in the lower limbs which is apparent immediately

after section of the dorsal cord is in large measure at least temporary. It

is more than probable that future inquiries will restrict the medullary

vaso-motor centre on the one hand to being a real centre for special areas

such as the splanchnic, and on the other to possessing general functions of

a co-ordinating character only^

Admitting for the present tlie existence of such a centre, and of

such a tonic influence, it is obvious that though it is permissible to

speak of. a constant or habitual influence keeping up what may be
called an average arterial tone, the amount of this influence must
from time to time vary in both directions, being at one time aug-

mented, and at another diminished or wholly suppressed. Further,

although the nervous mechanis'm under discussion may be spoken

of as the vaso-motor centre of all the arteries of the body, it must in

reality be not a simple centre but a group of minor centres, more or

less coordinate to each other, each minor centre governing a particular

vascular area. This indeed is the very essence of its usefulness. All

the good that could come out of an unvarying tone could be equally

supplied by the mere mechanical properties of the arteries. The
object of the vaso-motor mechanism is not so much to maintain a
normal tone as to vary that tone, so that particular arteries may
widen or narrow according to the needs of the economy. The tonic

actions of all the arteries are gathered up into a centre in order that

they may be more readily affected by diverse influences proceeding

from all parts of the body. As a matter of fact, we find that just as

the heart is affected either in the way of inhibition or of acceleration

by influences reaching it along certain nerves, so the action of the

vaso-motor centre may be exalted or depressed by nervous influences

reaching it from various sentient surfaces.

1 Goltz, Pfliiger's Archiv, viii. 460. See also references, p. 167.

2 Lister, Phil. Trans., 1858. Part ii. p. 607.

3 Cf. Heidenhain, Spinale GefUssreflexe. Pfliiger's Archiv, xiv. (1877) p. 518.



160 VASO-MOTOR NERVES. [Book i.

In one important feature the behaviour of the vaso-motor centre

differs from that of the heart. It is necessary that the heart should
have an automatic action, that it should go on beating, though no
influences are being brought to bear upon it from the rest of the body.

There is no necessity however for the vaso-motor centre to possess

any automatism of its own, irrespective of events taking place in the

rest of the body. Unless it is capable of being subjected to some
influences from without, unless the tonic action which it exercises

is capable of being either depressed or exalted as far as some vascular

area or other is concerned, its presence is not needed. Its purpose as

a centre is served if it simply acts as a centre of reflex action,

mediating between afferent nerves bringing to it afferent impulses

and vaso-motor nerves supplying vascular tracts. Hence the ques-

tion, whether the vaso-motor centre is really an automatic or merely
a reflex one, is a question of secondary consideration. The important
fact is, that by means of it as a centre, afferent impulses may exalt or

depress arterial tone. To which we may add the not less important
fact, that the depressing or exalting influence thus exercised may be
brought to bear either on the whole vascular system or on particular

vascular areas.

Since in the liviug mammal the width of the arteries can rarely

be seen or measured, and we are therefore compelled to judge of the

constriction or dilation of an artery by its efl'ects, we must, before

giving the proofs of the statement just made, point out briefly what
are the effects of the constriction or dilation of an artery. These
are both local and general.

Let us suppose that the artery ^ is in a condition of normal tone,

is midway between constriction and dilation. The flow through A
is determined by the resistance in A and in the vascular tract which
it supplies, in relation to the mean arterial pressure, which again

is dependent on the way in which the heart is beating and on
the peripheral resistance of all the small arteries and capillaries,

A included.

If, while the heart and the rest of the arteries remain unchanged
A be constricted, the peripheral resistance in A will increase, and
this increase of resistance will lead to an increase of the general

arterial pressure. This increase of pressure will tend to cause the

blood in the body at large to flow more rapidly from the arteries into

the veins. The constriction of A however will prevent any increase

of the flow through it, in fact will make the flow through it less

than before. Hence the whole increase of discharge from the arterial

into the venous system must take place through channels other than
A. Thus as the result of the constriction of any artery there occur,

(1) diminished flow through the artery itself, (2) increased general

arterial pressure, leading to (3) increased flow through the other

arteries. If, on the other hand, A be dilated, while the heart and
other arteries remain unchanged, the peripheral resistance in A is

diminished. This leads to a lowering of the general arterial pressure,
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which in turns causes the blood to flow less rapidly from the arteries

into the veins. The dilation of A however permits, even with the

lowered pressure, more blood to pass through it than before. Hence
the diminished flow tells all the more on the rest of the arteries.

Thus, as the result of the dilation of any artery, there occur (1) in-

creased flow of blood through the artery itself, (2) diminished general

pressure, and (3) diminished flow through the other arteries. Where
the artery thus constricted or dilated is small, the local effect, the
diminution or increase of flow through itself, is much more marked
than the general effects, the change in blood-pressure and the flow

through other arteries. When, however, the area the arteries of

which are affected is large, the general effects are very striking.

Thus if while a tracing of the blood-pressure is being taken by
means of a manometer connected with the carotid artery, the

splanchnic nerves be divided, a conspicuous but steady fall of pressure

is observed, very similar to that which is seen in Fig. 35. The
section of the splanchnic nerves cuts off the mesenteric arteries from
their vaso-motor centre. They in consequence dilate, and the arteries

governed by the splanchnic being very numerous, a large amount
of peripheral resistance is thus taken away, and the blood-pressure

falls accordingly, a large increase of flow into the portal veins takes

place, and the supply of blood to the face, arms, and legs is propor-

tionally diminished. It will be observed that the dilation of the

arteries is not instantaneous but somewhat gradual, the pressure

sinking not abruptly but with a gentle curve.

If the spinal cord be divided below the medulla all the arteries of

the body are cut off" from the vaso-motor centre. All the arteries

previously governed by that centre dilate and the blood-pressure falls

to a very low point. From the lack of due peripheral resistance

the blood flows readily from the arteries into the veins, the head of

blood, to borrow a phrase from the engineers, in the arteries cannot

be got up, and hence much more blood is retained in the venous
system than under normal conditions.

If during the low pressure caused by division of the sjalanchnic,

the peripheral stump of the nerve be stimulated with the inter-

rupted current, the intestinal arteries contract again to or beyond
their former calibre, they offer in consequence a peripheral resistance

equal to or greater than the normal, the pressure in the carotid is

increased, and while less blood passes to the intestine, more flows

through the face and limbs. So also when after division below the

medulla the lower cut surface of the spinal cord is stimulated, there

is general constriction of all the arteries^, a general increase of

resistance, the blood once more gathers head in the arterial system,

and the pressure in the arteries rises again.

In both the cases just cited the heart is supposed to continue to

1 This statement is possibly too general. There are some reasons for thinking that
comparatively little constriction occurs in the arteries supplying muscles. Gaskell,

Journ. Anat. and Phys. xi, (1877), p. 720.

r. p. 11
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beat with regularity, independent of the changes going on in the

arteries. Hence when as the result of the stimulation of an afferent

nerve there occurs a rise or a fall of general blood-pressure unaccom-
panied by any marked changes in the beat of the heart, we may
safely infer that the afferent impulses started by the stimulation

have travelled to the vaso-motor centre and there exalted or

diminished the tone of some vascular tract.

A very characteristic instance of such an action is seen in the

results of stimulating the depressor nerve in the rabbit. If while the

pressure in an artery such as the carotid is being registered, the

depressor nerve, which is a branch of the vagus running alongside the

carotid artery and sympathetic nerve (Fig. 31. n. dep), be divided,

and its central end {i.e. the one connected with the brain) be stimu-

lated with the interrupted current, a gradual but marked fall of pres-

sure in the carotid is observed, lasting, where the j)eriod of stimula-

tion is short, some time after the removal of the stimulus (Fig. 35).

Since the beat of the heart is not markedly changed, the fall of pres-

sure must be due to the diminution of peripheral resistance occasioned

by the dilation of some arteries. If the splanchnic nerves are

divided previous to the experiment, the fall of pressure when the
depressor is stimulated is very small, in fact almost insignificant. The
inference from this is clear; the depressor nerve exerts the depressing

action on blood-pressure, which gives it its name, by causing a dila-

T
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Fig. 35. Teacing shewing tee Effect on Blood-pressure of stimulating the
CENTRAL END OF THE DePEESSOE NeRVE IN THE EaBBIT.

(To be read from riglit to left.)

T indicates the rate at which the recording surface was travelling ; the intervals
marked correspond to seconds. C the moment at which the current was thrown
into the nerve ; O the moment at which it was shut off. The effect is some time
in developing and lasts after the current has been taken off. The larger undula-
tions are the respiratory cm-ves ;—the jDulse oscillations are very small.

tion of the intestinal arteries through the agency of the splanchnic

nerves. The point of union between the two nerves, the depressor
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and the splanclinic, is in the vaso-motor centre of the medulla. Hence
we may say that the afferent impulses reaching the vaso-motor centre

through the depressor, depress or inhibit a portion of that centre,

so that the tonic impulses cease to pass down to the splanchnic

nerves with their wonted vigour.

The depressor nerve is a special nerve, one specially connected with
the vaso-motor centre, and having a special and constant function,

viz. always to depress or lower tonic action. But all the afferent

nerves of the body are more or less closely connected with the

vaso-motor centre. Stimulation of almost any afferent nerve is found
to affect blood-pressure, even while the heart's beat remains un-
changed; that is, the stimulation of the afferent nerve influences

through the vaso-motor centre the tone of some vascular tract.

The influence may, according to circumstances, be in the way either

of inhibition or exaltation. Thus if the central stump of the divided

sciatic (or any other nerve containing afferent fibres) be stimulated

under urari, a rise of pressure, sometimes almost the exact reverse of

the fall caused by stimulating the depressor, is observed. The. curve
of the blood-pressure, after a latent period, rises; it begins to rise with-

out any change in the heart's beat, gradually reaches a maximum, and
after a while slowly falls again, even though the stimulation be still

kept on. So constant is this result, that it has proved of great value

in determining the existence of afferent fibres in any given nerve,

and even the paths of centripetal impulses through the spinal cord.

If, on the other hand, the animal be under chloral instead of urari, a

fall quite similar to that caused by stimulating the depressor is

observed instead of a rise. Thus, according to the condition of the

vaso-motor centre, or to circumstances affecting it, the same stimula-

tion of the same nerve may at one time produce a fall, and at another

a rise of blood-pressure, i.e. may either depress or exalt the action of

the centre.

The causes of this difference are not yet clearly worked out. "Varia-

tions in respiration will not explain it. Nor can the solution be found by
supposing that in urari poisoning cerebral functions are active while in

chloral poisoning they are in abeyance. If the brain be removed without

much bleeding, subsequent stimulation of a sensory nerve under urari still

gives a rise of pressure. If there be much bleeding however a fall is

witnessed. This suggests the idea that after bleeding and under chloral,

the vaso-motor centre is enfeebled or exhausted, and that stimulation of the

enfeebled or exhausted centre always causes depression. This view is sup-

ported by the fact, that in ordinary stimulation under urari the decline of

the rise appears sooner, the more often the stimulation is repeated, and that

after many repetitions the decline passes into a distinct fall, and at last

only a fall is observed ^

In the instances just quoted, the effect of the stimulation of the

afferent nerve may be spoken of as a general one ; it is the general

1 Cf. Latsclaenberger and Deahna, Pfluger's Archiv, sii. (1876) p. 157.

11—2
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blood-pressure wliicTi is diminished or increased ; thougli in the case

of the depressor at all events the splanchnic nerves and intestinal

vessels are the chief agents in the matter, it being the particular

part of the vaso-motor centre governing the splanchnic area which is

chiefly if not exclusively affected by the afferent impulses.

There are however some remarkable changes where a local effect

can be readily distinguished from the general effect, because the two
are in opposite directions. Thus if in a rabbit under urari, the

central stump of the auricularis magnus nerve or of the auricularis

posterior be stimulated, the rise of general pressure which is caused

by the stimulation of this as of any other afferent nerve, is accom-
panied by a dilation of the artery of the ear. That is to say, the

afferent impulses passing along the auricular nerve while affecting

the vaso-motor centre in general, so as to cause constriction of many
of the arteries of the body (but chiefly probably the splanchnic vessels),

at the same time so affect that particular part of the centre which
governs the artery of the ear, as to lead to the dilation of that

vessel.

According to Loven\ to whom we are indebted for this observation, the

local dilation in the ear is preceded by an initial constriction. A similar

initial constriction has been witnessed in other cases of reflex dilation.

So also in the same animal stimulation of branches of the

tibial nerve causes dilation of the saphena artery, together with
constriction of other arteries, as shewn by the concomitant rise of

pressure. And there are probably innumerable instances of the same
kind of action going on in the body during life, for it is evident that

the increased flow of blood to the organ which is the object of the

local dilation, must be assisted if a general constriction is at the

same time taking place in other regions.

The general effect may not always be obvious, may perhaps be
often absent, so that the local dilation or constriction, as the case

may be, is the only obvious result of the vaso-motor action. When
the ear of the rabbit is gently tickled, the effect that is seen is a
blushing of the ear, and though this may be in part due, as we shall

see, to the action of a local mechanism, the case we have just cited

shews that the vaso-motor centre must be largely engaged. When
the right hand is dipped in cold water, the temperature of the left

hand falls, on account of a reflex constriction of the vessels of the

skin of that hand caused by the stimulus applied to the other. Many
more instances might be quoted, and we shall again and again come
upon examples. The numerous pathological phenomena classed

under sympathetic action, such as the affection of one eye by
disease in the other, are probably in part at Jeast the results of

reflex vaso-motor action.

We have said enough to shew that the calibre of the small

arteries, which by determining the peripheral resistance forms one

1 Ludwig's Arbeiten, 1866.
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important factor regulating the flow of blood, is subject to influences

proceeding from all parts of the body, the influences reaching the
arteries in a reflex manner by means of the vaso-motor centre, the
afferent impulses being for the most part carried by ordinary sensory

nerves, while the efferent impulses pass along special vaso-motor
nerves, which, though the vaso-motor centre lies in the medulla
oblongata, have a great tendency to run in sympathetic tracts.

Further, since the effects may be either local or general, the local

being frequently opposite to the general, there is fair reason for

assuming that the vaso-motor centre is a multiple centre, composed
of minor centres governing particular vascular areas, so associated

together that they may, according to circumstances, act either to-

gether or apart.

The reader can now appreciate the kind of proof offered by Owsjannikow
(see p. 158) of the limits of the medullary vaso-motor centre. The rabbit

being placed under urari, rise of pi'essiire is seen to follow upon stimulation

of the central stump of the sciatic. The amount of rise is not materially

affected by sections of the brain above the upper limit of the centre. The
sections being continued downwards, so soon as the centre is reached a
diminution in the reaction is observed ; and when the section passes

through the lower limit, stimulation of the sciatic has no effect whatever.

The afferent impulses of course need not start from the peri-

pheral nerve-endings. They may arise anywhere, as for instance in

the brain. Thus an emotion originating in the cerebrum may either

inhibit or exalt that portion of the vaso-motor centre which governs
the vascular areas of the head and neck, and thus call forth either

blushing or pallor. Nay more, changes may be induced in the vaso-

motor centre itself without the need of any impulses reaching it from
without. When we come to discuss the relations of respiration to the
circulation, we shall see reason to think that the vaso-motor centre

may be directly affected by the condition of the blood passing through
it. If the quantity of oxygen in the blood be reduced, the tonic

action of the vaso-motor centre is increased, a general arterial con-

striction takes place, and a rise of blood-pressure follows. The return

of oxygen to the blood, on the other hand, lessens the action of the

centre ; the vessels dilate and pressure falls. We shall return to these

phenomena later on.

It is more than probable that many substances introduced into the
blood, or arising in the blood from natural or morbid changes, may affect

blood-pressure by acting directly on the vaso-motor centre.

Local vaso-motor mechanisms. Although this central and gene-

ral vaso-motor mechanism must play the chief part in the regulation

of the blood-supply to various organs, there are phenomena which
seem to compel us to admit the existence of local peripheral vaso-

motor centres. An example of this is seen in the so-called nervi

erigentes^.

1 Eckhard, Beitr'dge, iii. (1863) 123.
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The erection of the penis is, putting aside the subsidiary action of

muscular bands in restraining the outflow through the veins, chiefly

due to the dilation of branches of the pudic arteries, whereby a large

quantity of blood is discharged into the venous sinuses. Erection

may in the dog be artificially produced by stimulating the peripheral

ends of the divided nervi erigentes, which are branches from the first

and second and sometimes from the third sacral nerve passing across

the pelvis. On applying the interrupted current to the peripheral

ends of these nerves, the corpora cavernosa at once become turgid.

Evidently the efferent impulses passing along the nerves cause dila-

tion by inhibiting the local tone. This local tone is not destroyed

by the section of these or any other nerves; it is therefore inde-

pendent of the spinal cord and of the general vaso-motor centre.

We infer therefore that the local tone is maintained by some local

mechanism, some local vaso-motor centre (probably a ganglionic

group), whose action is inhibited by impulses reaching it along the

nervi erigentes, just as the medullary vaso-motor centre is inhibited

by impulses reaching it along the depressor nerve.

The somewhat similar case of the submaxillary gland we shall

have to discuss more fully hereafter. At present we may say that

the circulation in the gland appears also to be independent of the

general vaso-motor centre, and to be governed by a vaso-motor centre

of its own. Stimulation of the chorda tympani inhibits that local

centre, and without producing any other change in the general

circulation of the body, causes an abundant flow through the gland.

Stimulation of the cervical sympathetic, on the other hand, exalts the

local centre, and diminishes the flow through the gland; strong

stimulation in fact almost arrests the flow.

In the exposition of vaso-motor nerves given above, the muscular coats

of the arteries are considered as mere passive instruments in the hands of

the far distant cerebro-spinal vaso-motor centres, with which they are con-

nected merely by a greater or less length of simple nerve-fibres. There

are facts, however, which clearly shew that the whole matter is much moi-e

complicated in nature.

In the first place, the dilation (loss of tone) which follows upon

division of the cervical sympathetic, though it may i-emain for days,

eventually gives way to a return of tone. The vessels resume their ordi-

nary calibre, the ear regains its normal pallor; in fact, the difference, in a case

of unilateral section of the sympathetic, between the two sides of the head,

gradually disappears, and that too even when the upper cervical ganglion

has been removed or destroyed. The same thing occurs after division of

the sciatic in the mammal. On the day of the operation the difference of

temperature between the hind feet of the two sides of the body may
amount to foiir or five or even more degrees ; but in a few days the two

feet are equal in warmtli. So also after division of the dorsal spinal cord.

At first, the hind limbs are warmer than the fore limbs, but after a suc-

cessful operation, in a few days their temperature falls until it becomes

the same as that of the fore limbs and the rest of the body. The

dilation which appears in a muscle after severance of its nerve in time
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disappears ; and a I'ecovery of tone in the vessels of the frog lias been wit-
nessed even after complete destruction of the central nervous system. In
fact, as far as we know, in all cases the loss of tonic influence which follows

after section of a vaso-motor tract is a temporary one only ; and the
return of tone is certainly not due to any regeneration of the nervous
tract. Further, this restored state of tone is susceptible of changes, of
augmentation and decrease, like the original intact tone. Thus if the ear
of a rabbit, to which tone has returned after section of the sympathetic, be
gently titillated, the ear will blush, the blood-vessels will dilate, the tone
will be inhibited, very much in the same way as if the sympathetic were
entire. So also with the foot of a dog after section, of the sciatic, tickling

the ball of the toe will produce a temporary suffusion. In the frog, where
the sciatic has been divided, a stimulus applied to the web will cause,

according to circumstances, contraction or dilation stretching away from
the point to which the stimulus is applied.

All these facts, and they might be multiplied, point to the conclusion,

that there must be, in all cases, present in or near the small arteries,

peripheral mechanisms, capable not only of maintaining, but within certain

limits of regulating, local arterial tone. What is the exact nature of the
local mechanism cannot at present be distinctly stated. In certain cases, e.g.

the frog's web, and the rabbit's ear, the absence of ganglia, at least of
ordinary ganglia, can be safely affirmed. Nor is there any satisfactory

reason for referring the phenomena to ganglionic action in other cases.

Such being the case, the question arises, What then is the exact pro-

cess through which section of the cervical sympathetic, for instance, causes

dilation of the vessels of the ear? In reference to this, the following

facts deserve attention.

Stimulation, by the interrupted current, of the peripheral stump of
the divided cervical sympathetic, causes constriction of the blood-vessels.

When the peripheral stump of the divided sciatic of the dog is stimulated
with a somewhat strong current, a very temporary constriction is followed
by a considerable dilation ; the constriction is often so slight, that it may
be overlooked. In the case of the sciatic of the frog, the constriction is

often very great and the subsequent dilation very slight ; and in the
mammal by beginning with a weak stimulus and gradually increasing its

strength, constriction may be maintained for some time. Stimulation of
the peripheral stump of the divided lingual causes in the mammal dilation

of the vessels of the tongue, without any foregoing constriction ; the
dilation caused by section is simply increased by subsequent stimulation.

Stimulation of the hypoglossal, on the other hand, section of which also

produces dilation, though less than in the case of the lingual nerve, is

followed by constiiction. The arteries of the mylo-hyoid, and probably
of all other muscles of the frog', dilate not only when the nerve going
to the muscles is cut, so as to sever the muscle from the central nervous
system, but also when the nerve is stimulated either by the interrupted
current, or by mechanical or chemical stimuli ; and this holds good also

of the muscles of the dog. So that while stimulation of a branch of the
sciatic going to the foot causes constriction, the dilation only appearing
as an after effect ; the same stimulus applied to another branch of the
same nerve going to a muscle, causes dilation without any previous con-

1 Gaskell, W. H. Journ. Anat. and Phys. xi. (1877), p. 720.
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striction, thougli sometimes constriction may follow. In eacli case the
after effect is obvious only when strong stimuli ai'e employed.

Thus in the case even of those nerves, the section of which, entailing

severance of the vascular tract which they govern from the central nervous
system, causes dilation, stimulation may produce either a constriction or

a dilation unaccompanied by any constriction, and quite similar to the
dilation caused by the stimulation of the chorda tympani or nervi eri-

gentes ; tlie dilation caused by stimulation may exceed that resulting from
section. Sometimes, again, we may have constriction followed by dilation.

How are these differences to be explained 1

An apparently easy way of cutting the knot thus presented, is to suppose
that there are two distinct kinds of vaso-motor nerves, constrictor nerves
and dilator nerves, and that a vaso-motor tract may be entirely composed
of one kind, or of the two mixed together. Thus, we may conceive that
in the hypoglossal and cei'vical sympathetic, constrictor nerves are alone
present, or are present in great excess ; in the lingual and muscular nerves,

and in the chorda tympani, dilator nerves only ; and in the sciatic, both
constrictor and dilator, the dilator being, in the mammal, somewhat in

excess. In addition to this, we must suppose that the constrictor nerves
are more easily excited and exhausted than the dilator nerves, in order to

account for constriction preceding and giving way to dilation, when a
trunk, such as the sciatic, containing both kinds of nerves, is stimulated.

Granting the existence of these constrictor and dilator fibres, the
question still, remains, Why does section of a nerve, such as the sciatic,

produce dilation?

Goltz' has observed, "that if a day or two after section of the sciatic,

when the vessels are beginning to regain their tone, the peripheral stump
be again cut or snipped, a fresh dilation, indicated by a fresh rise of
temperature in the foot, takes place. By making a series of cuts along the
nerve, from the cut end towards the periphery, by crimping it in fact, he
succeeded in obtaining a rise of several degrees. Here evidently mere
section of the nerve stimulated the supposed dilator fibres. Leaning
on this observation Goltz has drawn the conclusion that the initial dila-

tion consequent on division of the sciatic, is entirely due to the
section stimulating the dilator fibres, and not at all to the withdrawal of
any tonic influence. He has further extended this view, so as to refer all

tone to peripheral mechanisms of some kind or other, and to convert the
tonic centre of the medulla (and of the spinal cord) to a reflex centre for

constrictor and dilator fibres. Thus blushing is, according to him, the
result not of inhibition of the tonic centre, but of stimulation of a vaso-
dilator centre. Against this view we may urge that, while neither by
cutting, nor by stimulating in any way, such nerves as the cervical sympa-
thetic and hypoglossal, can dilation be obtained, nevertheless the initial

section of them always produces dilation. It seems impossible to explain
this initial dilation, except on the supposition of a central tonic influence.

Nor is there any real difficulty in the recovery of local tone after complete
severance from the cerebro-spinal tonic centre. We have only to suppose
that the local tonic mechanism, whatever it he, is, from habit, so adjusted as

^ Pfliiger's Archiv, ix. (1874) 174, xi. (1875) 52 ; cf. also Putzeys n. Tarchanoff,
Hekhert u. Du Bois-Reymond's Archiv, 1874. Ostroumoff, Pfliiger's Archiv, xii. (1876)
219. Kendall u. Luchsinger, ibid. xiii. (1876) 197.
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to act in concert witli the general centre. On this centre it, under normal
circuinstances, largely relies. When the centre is sundered from it, it

feels at once the loss, but gradually adapts itself to new circumstances, and
finally does all the work itself. No instance is known of marked con-

stricting effects following iipon mere severance of a constrictor nerve at

all comparable to the dilating effects which follow the section of a dilator

nerved Yet this ought to take place on Goltz's view. On the other

hand, in the theory of a central vaso-motor action, the only permanent
influence needed is one tending towards constriction or tone (the arteries

can readily dilate of themselves through the pressure of the blood when
this is removed); hence dilation is the natural and only effect of simple

severance.

But if we admit that the blushing which occurs after section of the

sympathetic is due to loss of tone, it is unnecessary to suppose that the

blushing which comes from emotion is produced in any other way than by
diminution of the normal tonic action of the (medu.llary) centre, and that

pallor (when arising through the sympathetic and not from lessening of

the heart's action) is produced in any other way than by an increase of the

same normal tonic action of the centre ; in other words, that constriction

and dilation in the case of the natural action of the sympathetic differ

on account of the degree to which the same central mechanism (in the

medulla) is worked, and not by reason of the mechanism which is put
into action in the one case being different from that which is put into

action in the other. But if this is true of the central tonic mechanism,
why should it not also be true of the peripheral local mechanism*? why
should not the nerves which when stimulated produce • constriction, differ

from those, stimulation of which produces dilation, not in possessing

fibres of a different kind, but because their relations with the local me-
chanism are respectively such that impulses passing along the one increase,

and along the other diminish, the action of that 'local centre^' 1 So that

the problem why the cervical sympathetic always produces constriction,

and a muscular nerve always dilation, when stimulated artificially, is at

bottom just the same problem as that why the depressor always lowers

blood-pressure and why under urari stimulation of an afferent nerve causes

a rise, and under chloral stimulation of the same nerve a fall, of blood-

pressure.

If it could be shewn that the molecular arrangements of the nerve-

endings were such that impulses passing along one kind of ending into

the centre were liable to interfere with, while those passing along the other

kind of ending were liable to add themselves to, the automatic impulses

generated in the centre itself, the problem would be solved.

1 All that has been observed is at times a slight passing constriction upon section

of the cervical sympathetic {Kendall and Luchsinger) and anterior auricular nerve

(Vulpian.

)

2 Kendall and Luchsinger, op. cit., have shewn that in the ease of the peripheral

portion of a sciatic which has been divided for some little time, weak stimulation will

produce a contraction, strong stimulation a dilation of the blood-vessels of the toes
;

and Lupine (Covipt. Bend. Soc. Biol. March 4, 1876) finds the same stimulation of the

sciatic may produce either constriction or dilation according as the foot is artificially

warmed or cooled.
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The Effects of local Vascular Constriction or Dilation.

Whatever be determined ultimately to be the modus operandi of

vaso-motor mechanisms, the following fundamental facts remain of

prime imjiortance.

The tone of any given vascular area may be altered, positively in

the direction of augmentation (constriction), or negatively in the
way of inhibition (dilation), quite independently of what is going
on in other areas. The change may be brought about by (1) stimuli
applied to the spot itself, and acting either directly on the local

mechanism, or indirectly by reflex action through the general vaso-
motor centre

; (2) by stimuli applied to some other sentient surface,

and acting by reflex action through the general vaso-motor centre

;

(3) by stimuli (chemical, blood stimuli), acting directly on the general
vaso-motor centre.

The effects of local dilation are local and sceneral.

Local effects of dilation. The arteries in the area being di-

lated, offer less resistance than before to the passage of blood. Con-
sequently, more blood than usual passes through them, filling up the
capillaries and distending the veins. Owing to the diminution of

the resistance, the fall of pressure in passing from the arteries to the
veins will be less marked than usual; that in the small arteries them-
selves will be lowered, that in the corresponding veins heightened.

The coats of the arteries during the dilation will suffer less strain

than when in their tonic contracted condition ; i. e. their elasticity

will not be called into play to the same extent as before. Now, as

has been seen, every portion of arterial wall has its share in destroy-

ing the pulse by converting the intermittent into a continuous flow.

Hence, the stretch of dilated artery, its elasticity not being called

into play, will not do its duty in further destroying the pulsations

which reach it at the cardiac side. The pulsations will travel

through it unchanged, and may, in certain cases, pass right on into

the veins. This is frequently seen in the submaxillary gland, when
the chorda tympani is stimulated. The channels being wider, resist-

ance being less, and the force of the heart behind remaining the
same, more blood than before passes through the area in a given
time ; or, put differently, the same quantity of blood passes through
the area in a shorter time. The blood, consequently, as it passes

into the veins is less changed than in the normal condition of the
area. Sometimes the flow is so rapid that the oxy-hsemoglobin of

the corpuscles is deoxidised to a much less extent than usual, and the

venous blood still possesses an arterial hue. On the other hand,
since more blood passes in a given time, there is an opportunity for

an increase in the total interchange between the blood and the tissue.

Thus the total work may be greater, though the share borne by each
quantity of blood is less.
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General effects of dilation. Supposing that the total quantity of

blood issuing from the ventricle remains the same, that is to say,

supposing that the quantity of blood put into circulation is constant,

the surplus passing through the dilated area must be taken away
from the rest of the circulation. Consequently the fullness of the

dilated area will lead to an emptying of the other areas. This is seen

very clearly when the dilated area is a capacious one. At the same
time, local dilation causes a local diminution of peripheral resistance.

This in turn causes a lowering of the general arterial pressure ; to

this we have already called attention.

The effects of local constriction, similarly local and general, are

naturally the reverse of those of dilation.

In the vascular area directly affected, less blood passes through
the capillaries in a given time, and in consequence less total inter-

change between the blood and the tissues takes place, though each
unit volume of blood which does pass through is more deeply af-

fected. The blood-pressure in the corresponding arteries is increased,

and, if the area be large, the pressure in even distant arteries may
be heightened.

Thus, to indicate results in a general manner, local dilation en-

courages a copious flow of blood through the area where the dilation

is taking place, and, by reducing the blood-pressure, hinders the flow

of blood into other areas. Local constriction, on the other hand,

lessens the flow of blood in the particular area, and by heightening

the blood-pressure tends to throw the mass of the blood on to other

areas. Hence the great regulative value of the vaso-motor system.

By augmenting or inhibitory influences (constrictor or dilating)

applied either to peripheral mechanisms or to cerebro-spinal centres,

and called forth by stimuli either intrinsic and acting through the

blood, or extrinsic and acting through nervous tracts, the supply of

blood to this or that organ or tissue may be increased or reduced :

the surplus or deficit being carried away to, or brought up from,

either the rest of the body generally, or some other special organ or

tissue.

Sec. 6. Changes in the Capillary Districts.

Possessing no muscular element in their texture, the capillaries,

unlike the arteries, are subject to no active change of calibre. They
are expanded when a large supply of blood reaches them through
the supplying arteries, and, by virtue of their elasticity, shrink

again when the supply is lessened or withdrawn ; in both these

events their share is a passive one.

It is true that certain active changes of form, due to movements in the

protoplasm of their walls, have been described ; but the effects of any such

changes, even if common, must be quite subordinate.
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Nevertheless the capillaries do possess active properties of a

certain kind, which cause them to play an important part in the

work of the circulation. They are concerned in maintaining the

vital equilibrium which exists between the intra-vascular blood and

the extra-vascular tissue, an equilibrium which is the central fact of

a normal capillary circulation, of a normal interchange between the

blood and the tissue, and thus of a normal life of the tissue. The
existence of this equilibrium is best shewn when it is overthrown, as

in the condition known as inflammation.

If an irritant, such as silver nitrate, or mustard, &c. be applied to

a small portion of a frog's web, or a frog's tongue, inflammation is set

up over a circumscribed area. In this area the following changes may
be successively observed under the microscope. The first effect that

is noticed is a dilation of the arteries, accompanied by a quickening

of the stream. The capillaries become filled with corpuscles, and

many passages previously invisible or nearly so on account of their

containing no corpuscles come into view. The veins at the same time

appear enlarged and full. These events, the filling of the capillaries

and veins, and the quickening of the stream, are all simply the

results of the diminution of peripheral resistance caused by the dila-

tion of the small arteries. If the stimulus be very slight, this may
all pass away, the arteries gaining their normal constriction, and the

capillaries and veins in consequence returning to their half-filled condi-

tion; in other words, the effect of the stimulus in such a case is rather

a temporary blush than actual inflammation. When the stimulus

however is stronger, the quickening of the stream gives way to a

slackening; this is not due to any returning constriction of the

arteries, for they still continue dilated. The capillaries and veins

get more and more crowded with corpuscles, the stream becomes

slower and slower, until at last the movement of the blood in the now
distinctly inflamed area ceases altogether. The phase of accelerated

flow has given place to stasis. The capillaries, veins and small

arteries are choked with corpuscles, and it may now be remarked

that the red corpuscles seem to run together, so that their outlines

are no longer distinguishable ; they appear to have become fused into

a yellow homogeneous mass. The large number of white corpuscles

in the capillaries and veins is also a conspicuous feature. This stasis,

this arrest of the current, is not due to any lessening of the heart's

beat; the arterial pulsations, or at least the arterial flow, may be

seen to be continued down to the inflamed area, and there to cease

very suddenly. It is not due to any increase of peripheral resistance

caused by constriction of the small arteries, for these continue dilated

rather than constricted. It must therefore be due to some new and

unusual resistance occurring in the capillary area itself. The increase

of resistance is not caused by any change confined to the corpuscles

themselves ; for if after a temporary delay one set of corpuscles has

managed to pass away from the inflamed area, the next set of cor-

puscles is subjected to the same delay and the same apparent fusion.
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The cause of the resistance must therefore lie in the capillary walls,

or in the tissue surrounding them, or, to speak perhaps more correctly,

it depends on a disturbance of the relations which in a healthy area

subsist between the blood in the capillaries on the one hand, and the

capillary walls, with, the tissue of which they are a part, on the other.

After stasis has continued for some time, the tissue outside the capil-

lary wall is seen to become crowded with white corpuscles, and in

the tissue outside the veins are seen not only white but also red

corpuscles. There can be no doubt that these have passed through
the capillary and venous walls ; they may indeed be seen in transit,

but the mechanism of their passage is not exactly known. We
have no clear proof that any distinct pores do exist in the vascular

walls ; and it seems probable that in the protoplasmic tissue which
constitutes these walls, a temporary breach made by the passage of

a corpuscle may be immediately and completely obliterated, just as

a body may be thrust through a film such as that of a soap-bubble,

and yet leave the film apparently entire, the internal cohesion of the

film at once repairing the breach.

Except in cases where the stimulus produces permanent mischief,

the inflammation after a while subsides. The outlines of the cor-

puscles become once more distinct, those on the venous side of the

block gradually drop away in the neighbouring currents, little by
little the whole obstruction is removed, the current through the area

is re-established, and though the arteries and capillaries remain di-

lated for some considerable time, they eventually return to their

normal calibre. Thus it is evident that the peripheral resistance

in the capillaries (and consequently all that depends on peripheral

resistance) is not merely a matter of the mechanical friction of the

blood against the smooth walls of the blood-vessels, but is concerned
with the vital condition of the tissues. When the tissue is in health,

a certain resistance is offered to the passage of blood through the

capillaries, and the whole vascular mechanism is adapted to overcome
this resistance to such an extent that a normal circulation can take
place. When the tissue becomes inflamed, the disturbance of the

equilibrium between the tissue and the blood so augments the

resistance that the passage of the blood becomes difficult or im-
possible. And it is quite open to us to suppose that there are con-

ditions the reverse of inflammation, in which the resistance may be
lowered below the normal, and the circulation in the area quickened.

Such a diminution of peripheral resistance may possibly in part explain

the remarkable quickening of the flow of blood, which is seen in any tissue

after a tem]Dorary interruption of the stream, and which is also witnessed

in the case of an artificial stream kept up in an organ such as the fiver

or kidney removed from the body. Mosso^ by means of the Plethysmo-

graphy, determined that the amount of resistance ofiered to the artificial

1 Ludwig's Arheiten, 1874.
^ By this instrument variations in volume are measured, and where these depend

on variations in the quantity of blood passing the organ, which is being studied, changes
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flow of blood tlirougli an excised kidney, depends upon the gases pi-esent

in the blood passed through, the resistance being greater in propoi'tion to

the amount of carbonic acid ii-respective of the quantity of oxygen.

Thus the vital condition of the tissue becomes a factor in the

maintenance of the circulation.

It is perhaps hardly necessary to observe that the considerations urged

above are qiute distinct from what is sometimes spoken of under the name
of ' capillary' force, as an agent of the circulation. If by capillary force it

is intended to refer to the rise of fluids in capillary tubes, it is evident that

since such jDhenomena are the results of adhesion, capillarity can only be a

greater or less hindrance to the flow of blood, seeing that this is propelled

by a force (the heart's beat) which has been proved by experiment to be

equal to the task of driving the blood from ventricle to auricle through the

capillary regions. If by capillary force it is meant that the tissues have

some vital power of withdrawing the fluid parts of the blood from the

small arteries and thus of assisting an onwai'd flow, it becomes necessary

also to assume that they have as well the power of returning the fluid

parts to the veins. Both these assumptions are unnecessary and without

foundation.

Sec. 7. Changes in the Quantity of Blood.

In an artificial scheme, changes in the total quantity of fluid in

circulation will have an immediate and direct effect on the arterial

pressure, increase of the quantity heightening and decrease diminish-

ing it. This effect will be produced partly by the pump being more
or less filled at each stroke, and partly by the peripheral resistance

being increased or diminished by the greater or less fullness of the •

capillaries. The venous pressure will under all circumstances be
raised with the increase of fluid, but the arterial pressure will be

raised in proportion only so long as the elastic walls of the arterial

tubes are able to exert their elasticity.

In the natural circulation, the direct results of change of quantity

are obscured by compensatory arrangements. Thus experiment

shews ^ that when an animal with normal blood- pressure is bled

from one carotid, the pressure in the other carotid sinks so long

as the bleeding is going on (this of course not so much from loss of

blood as from diminution of peripheral resistance in the open artery),

and remains depressed for a brief period after the bleeding has

ceased. In a short time however it regains or nearly regains the

normal height. This recovery of blood-pressure, after hsemorrhage,

is witnessed until the loss of blood amounts to about 3 per cent, of

in the circulation may thereby be investigated. Cf. Mosso, " Sopra un nuovo metodo
per scrivere movimenti dei vasi sanguigni nell' uomo." Atti. d. Real. Acad. d. Sci. d.

Torino, Vol. xi. Franc^ois-Franck, Marey's Travaux du Luhorat. Vol. ii. p. 1, and the

earlier memoir of Fick Untersuch. Zurich. Physiol. Lab. Hft. i. p. 51.

1 Worm Miiller, Ludwig's Arheiten, 1873, p. 159. Lesser, ibid, 1874, p. 50.
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the body-weight. Beyond that, a large and frequently a sudden

dangerous permanent depression is observed.

The restoration of the pressure after the cessation of the bleeding

is too rapid to permit us to suppose that the quantity of fluid in the

blood-vessels is repaired by the withdrawal of lymph from the extra-

vascular elements of the tissues. In all probability the result is

gained by an increased action of the vaso-motor nerves, increasing

the peripheral resistance, the vaso-motor centres being thrown into

increased action by the diminution of their blood-supply. When the

loss of blood has gone beyond a certain limit, this vaso-motor action

is insufficient to compensate the diminished quantity, (possibly the

vaso-motor centres in part become exhausted,) and a considerable

depression takes place ; but at this epoch the loss of blood frequently

causes angemic convulsions.

Similarly when an additional quantity of blood is injected into

the vessels, no marked increase of blood-pressure is observed so long

as the vaso-motor centre in the medulla oblongata is intact. If how-
ever the cervical spinal cord be divided previous to the injection,

the pressure, which on account of the removal of the central vaso-

motor action, is very low, is permanently raised by the injection of

blood. At each injection the pressure rises, falls somewhat after-

wards, but eventually remains at a higher level than before. This

rise continues until the amount of blood in the vessels above the

normal quantity reaches from 2 to 3 per cent, of the body-weight.

Beyond this point there is no further rise of pressure.

These facts shew, in the first place, that when the volume of the

blood is increased, compensation is effected by a lessening of the

peripheral resistance by means of a diminished action of the vaso-

motor centres, so that the normal blood-pressure remains con-

stant. They further shew that a much greater quantity of blood can

be lodged in the blood-vessels than is normally present in them.

That the additional quantity injected does remain in the vessels is

proved by the absence of extravasations, and of any considerable

increase of the extra-vascular lymphatic fluids. It has already been

insisted that the blood-vessels are, in health, but partially filled, that

the veins and capillaries are alone able to receive all the blood in

the body. In these cases of large addition of blood, the extra

quantity appears to be lodged in the small veins and capillaries,

(especially of the internal organs,) which are abnormally distended to

contain the surplus.

We learn from these facts the two practical lessons, first, that

blood-pressure cannot be lowered directly by bleeding, unless the

quantity removed be dangerously large, and secondly, that there is

no necessary connection between a high blood-pressure and fullness

of blood or plethora, since an enormous quantity of blood may be

driven into the vessels without any marked rise of pressure.
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The Mutual Relations and the Coordination of the Vascular Factors.

The foregoing considerations shew how complicated, and sensitive,"

and therefore how useful, is the vascular mechanism. It may be

worth while briefly to summarize the relations of the different factors,

and to point out the manner in which they are made to work in

harmony for the good of the body.

Two facts stand out prominent above all others : (1) the heart's

beat may be made slow by vagus inhibition, and, probably, quickened

by withdrawal of the constant inhibitory influence exercised by

the cardio-inhibitory centre in the medulla. (2) The peripheral

resistance may be diminished by diminished action (dilating action)

of the vaso-motor centres, and increased by increased action (constrict-

ing action) of the same centres.

These two facts are, by the mediation of the nervous system,

placed in mutual regulative dependence on each other. Thus, if

with a given peripheral resistance, and proportionate blood-pressure,

the heart begins to beat violently, afferent impulses passing up the

depressor nerves diminish peripheral resistance (by opening the

splanchnic flood-gates), and prevent the rise of blood-pressure which

would otherwise take place. In this way, a delicate organ, such for

instance as the retina, is sheltered from the turbulence of the heart

by a change in the flow of blood through the less noble organs of the

abdomen. Conversely, if peripheral resistance be in any area in-

creased, the general blood-pressure is prevented from rising too high,

by reason of the actual increase of blood-pressure so affecting the

medulla, that inhibitory impulses descend the vagus, and, by pro-

ducing a less frequent pulse, tone down the distension of the arteries.

The more we learn of the working of the body, the more aware

we become of the fact that it is crowded with regulative and

compensating arrangements no less striking and exquisite than the

two we have just described. Some of these will be seen in the

followino: almost tabular statement of the various modiflcations of

the vascular factors, and of their causes.

A. The Beat of the Heart is affected

1. By the amount of distension of the ventricular cavities pre-

ceding the systole. This will depend on

a. The quantity of blood passing into the ventricular cavities

during the diastole. This in turn is determined by the flow

of blood through the veins, the flow itself being influenced by the

arterial pressure, respiratory movements, &c. &c.

h. The amount of resistance which has to be overcome by the

systole. This is determined by the mean arterial pressure, and is

influenced by everything which influences that.
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2. By the quantity of the blood passing througli the coronary
arteries. In the frog the thin walls of the auricle and the spongy
texture of the ventricle permit the nourishment of the cardiac sub-

stance to be carried on by direct contact with the blood in the

cavities. In mammals this mode of nutrition must be insignificant.

In them the condition of the cardiac muscles and nervous appendages
depends almost exclusively on the blood distributed by the coronary

arteries. Putting aside the vaso-motor supply of the coronary arteries,

of which we know nothing, we may say that the amount so sent will

depend on the arterial pressure in the aorta.

If the blood-current through the muscles of the heart be intermittent,

instead of constant as in other muscles, the beat of the heart must be itself

self-regulative, and the whole matter becomes very complicated^.

3. By the quality of the blood passing through the coronary
arteries, and acting upon simply the muscular tissue, or upon the
various nervous mechanisms, or upon both. This is well illustrated

by the action of poisons (see p. 145). The quantitative relations of

the normal, and the presence of abnormal, constituents must of neces-

sity profoundly affect the heart's beat.

4. Through the inhibitory fibres of the vagus,

a. By the blood directly stimulating the endings of the vaguS
fibres. This is only seen in the case of poisons.

h. By the blood directly afifecting the cardio-inhibitory centre
in the medulla oblongata, either positively by augmenting the normal
inhibitory influences, and so slowing the heart, or negatively by de-

pressing those influences and so quickening the heart.

c. By reflex stimulation of the same centre. Cases of exaltation

through reflex stimulation have already been quoted. Instances of

depression leading to quickening of the heart's beat are not so clear.

The afierent impulses may be started in any part of the body ; but,

as we have seen, there seems to be a special connection between this

centre and the alimentary canal.

5. By the accelerator nerves. We have however no evidence

of the natural activity of this nerve.

B. The Feripheral Resistance is affected

1. By the vital i.e. the nutritive condition of the tissue of the

part. This is again influenced by

a. The quality (and quantity ?) of the blood brought to it.

h. Through the agency of the nervous system, as in cases of

inflammation caused by nervous influences.

Both these points are very obscure.

^ Cf. Gan'od, Joiirn. Anat. and Plujs. vii. p. 219, viii. p. 54.

F. P. 12
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2. By the varying calibre (constriction, dilation) of the

minute arteries, brought about

a. By the bkod or other stimulus acting directly on the

peripheral vasomotor mechanism.

6. By the blood acting directly on the vaso-motor centre in the

medulla (or spinal cord).

c. By reflex stimulation of the vaso-motor centres.

d. It is more than probable that the peripheral resistance, ^. e.

the amount of constriction of the minute arteries, is directly de-

pendent on the blood-pressure itself. In common with all muscles,

the contraction of the circular muscles of the arteries will be greater

when the resistance is greater, i. e. when the distension of the vessels

is greater. That is to say, other things being equal, with an increase

of pressure, due for instance to an increase of heart-beat, the dis-

tension so caused will be more than counterbalanced by the increased

contraction of the muscular fibre, and thus the pressure still further

increased. This of course will take place within certain limits only\

Through these intricate ties it comes to pass that aa event which

takes place in one part of the body is felt, to a greater or less extent,

by all parts. To take a simple instance—a change in the condition

of the skin at any one spot, such as that produced by the appli-

cation of cold or heat, may lead,

1. By direct local action to a constriction or dilation of the

vessels of the part, giving rise to local pallor or suffusion,

2. By reflex action through the vaso-motor centre,

a. to an increase of the same local effects, and in addition

h. to a change in the calibre of the blood-vessels in other parts.

This distant reflex change may be of the same or the opposite nature

as tho local change.

3. By reflex action to a quickening or slowing of the heart's

beat, though the heart is in this respect less intimately connected

with the skin than with other parts.

Out of these primary effects there may arise secondary effects.

The constriction or dilation produced locally will affect the general

blood-pressure, which in turn will produce all its effects.

The modifications of the heart-beat will not only affect the general

blood-pressure, but in a reflex manner may affect the peripheral

resistance, and hence the flow of blood in particular areas {e. g. the

splanchnic area). The modifications of the flow through the area di-

rectly, and also through those secondarily, affected, will influence the

temperature and chemical changes of the blood, and those again will

produce their effects everywhere. And so on,

1 Cf. Latschenberger and Dealina, Pfliiger's Archiv, xii, (1876) 157.
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On the other hand, the turbulence which would be the natural
outcome of all these events is softened down, by the compensating
effects of which we have spoken, into the smoothness which we call

health. Still the greatness of the possibilities of change which lie

hidden in the body are clearly enough shewn by the violence of
disease, when compensation fails of accomplishment.

The proofs of the circulation brought forward by Harvey (1628) re-

quired for their completion an explanation of the manner in which the blood
passed from the small arteries to the small veins. For this the use of the
microscope was necessaiy, and Malpighi (1661) was the first to demonstrate
the capillary circulation. Leuwenhoek afterwards (1 674) more fully described
the passage of blood through the capillaries as seen in the web of the frog's

foot, in the fin of the fish's tail, and in other transparent structures.

Observations on Blood-Pressure were first made by Dr Stephen Hales *,

who inserted a tall tube into the crural artery of a mare, and observed the
height (more than eight feet) to which the column of blood rose. He
thus used not a mercury, nor a water, but a blood, manometer. Poiseuille^

introduced the mercury manometer, and to him we are indebted for our
knowledge of the fundamental principles of the subject. The elaborate

treatise of Yolkmann^ helped to formulate our knowledge; and we are
indebted to Ludwig for many of our present methods of investigation.

Claude Bernard* was the first to observe that section of the cervical

sympathetic on one side of the neck was followed by a rise of temperature
and dilation of the blood-vessels of the same side of the head. Brown-
Sequard in the same year^ was apparently the first to observe that stimula-

tion of the peripheral portion of the divided sympathetic brought about a
return of the pallor and a fall of temperature ; he clearly recognised that
the effects of the section of the sympathetic were the results of a paralysis

of the blood-vessels. Bernard himself, somewhat later'', observed the
effects of galvanic stimulation of the divided nerve, though he seems not
to have obtained so distinct a grasp of the matter as did A. "Waller '^j who
in Feb. 1853 clearly recognised the vaso-motorial functions of the cervical

sympathetic, and the relation of these functions to the action of the same
nerve on the iris. These discoveries formed the beginning of our know-
ledge of the vaso-motor nerves. Among the numerous investigations

which have since been carried on, none can be considered more important
than those for which we are indebted to Ludwig and his pupils.

1 Statical Essays, Vol. ii. (1732).
^ Rech. s. I. Causes du Mouvement dii Sang, 1831.
3 Hamodynamik, 1850.
* Gomptes Rendus, xxxiv. (1852) p. 472.
^ Philadelphia 3Iedical Examiner, Aug. 1852, p. 489, quoted in Experimental Re-

searches applied to Physiology and Pathology , New York, 1853, p. 9.

6 Coniptes Rendus de la Societe de Biologic, Nov. 1852.
7 Comptes Rendus, xxxvi. (1853) p. 378.
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CHAPTEH I.

THE TISSUES AND MECHANISMS OF DIGESTION.

The food in passing along the alimentary canal is subjected to the

action of certain juices which are the products of the secretory

activity of the epithelium-cells of the alimentary mucous membrane
itself, or of the glands which belong to it. These juices (viz. saliva,

gastric juice, bile, pancreatic juice, succus entericus, and the secretion

of the large intestine), poured upon and mingling with the food,

produce in it such changes, that from being largely insoluble it

becomes largely soluble, or otherwise modify it in such a way that

the larger part of what is eaten passes into the blood, either

directly by means of the capillaries of the alimentary canal or in-

directly by means of the lacteal system, while the smaller part is

discharged as excrement.

We have therefore to consider—1st, the properties of the various

juices, and the changes they bring about in the food eaten. 2nd, the

nature of the processes by means of which the various epithelium-

cells of the various glands and various tracts of the canal are able

to manufacture so many various juices out of the common source,

the blood, and the manner in which the secretory activity of the

cells is regulated and subjected to the needs of the economy. 3rd,

the mechanisms, here as elsewhere chiefly of a muscular nature,

by which the food is passed along the canal, and most efficiently

brought in contact with successive juices. And 4th and lastly, the
means by which the nutritious digested material is separated from
the indigested or excremental material, and insorbed into the blood.

Sec. 1. The Properties of the Digestive Juices.

Saliva.

Mixed saliva, as it appears in the mouth, is a thick, glairy,

generally frothy and turbid fluid. Under the microscope it is seen

to contain, besides the molecular debris of food (and frequently

cryptogamic spores), epithelium-scales, mucus-corpuscles and granules,

and the so-called salivary corpuscles. Its reaction in a healthy

subject is alkaline, especially when the secretion is abundant. "VVheu
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the saliva is scanty, or when the subject suffers from dyspepsia, the

reaction of the mouth may be acid. Saliva contains but few solids,

•484 p. c. in man, giving a specific gravity of 1'0023. Of these solids,

about half, *188, are salts (including a small quantity of potassium

sulphocyanate). The organic bodies which can be recognised in it

are chiefly mucin, with small quantities of globulin and serum-

albumin.

The chief purpose served by the saliva in digestion is to moisten

the food, and to assist in mastication and deglutition. In some
animals this is its only function. In other animals and in man it

has a specific solvent action on some of the food-stuffs. Such
minerals as are soluble in slightly alkaline fluids are dissolved by it.

On fats it has no effect save that of producing a very feeble emulsion.

On proteids is has also no action. Its characteristic property is that

of converting starch into grape-sugar.

Action of Saliva on Starch. If to a quantity of thin boiled

starch, which has been ascertained to be free from sugar, a small

quantity of saliva be added, it will be found after a time that the

whole of the starch has disappeared, having been replaced by a

corresponding quantity of grape-sugar. The mixture no longer

gives any blue colour with iodine, but when boiled with Fehling's

fluid (cupric sulphate dissolved in a concentrated solution of sodium

hydrate, in the presence of sodium-potassium tartrate), gives a co-

pious red or yellow deposit of cuprous oxide. Examined quanti-

tatively, it will be found that the amount of sugar which has

been formed is the equivalent of the starch which has disappeared,

that is, the starch has by the action of the saliva been converted

into sugar. If iodine be added to the mixture in the early stages

of the action of the saliva, a red or violet colour (more or less

obscured by the blue) will be observed. This indicates the presence

of dextrin, which at a later stage, like the starch itself, disappears.

In fact, the saliva either converts the starch into dextrin and then

into sugar, or first splits the starch into dextrin and sugar, and

then changes the dextrin into sugar. The essence of both changes

is the assumption of a molecule of water. Thus starch, CgHj^O^, or

more probably
(grape-sugar) (dextrin)

C,,-a^O,, + 3H,0 = C^K.Pe + 2{C«H,oO ) + 2H,0 = 3(CeH,,0,).

While boiled starch is thus converted into grape-sugar with consider-

able rapidity, raw unboiled starch also suffers the same change, though

more slowly. If a quantity of raw starch be suspended in water and saliva

he added, the water will after a time be found to contain sugar. If the

water he replaced from time to time, the starch will gradually disappear

until a remnant is left which gives no blue colour with iodine, unless acid

be previously added. The starch-corpuscle consists of granulose giving a

blue colour with iodine alone, and cellulose giving a blue colour with iodine

on the addition of sulphuric acid. The saliva acts on the granulose, con-

vertiner it into sujrar ; it is unable to act on the cellulose. When starcli
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is boiled, tlie cellulose coats of the starch-corpuscle are ruptured and the

saliva has ready access to the granulose. Hence the rapidity of the action.

In raw starch the saliva can only get at the granulose by traversing the

coat of cellulose.

Briicke^ distinguishes in the starch-corpuscle, besides granulose and

cellulose, a third body which he calls erythrogranulose. This gives a red,

not a blue colour with iodine, not usually seen when iodine is added to

starch, because erythrogranulose is much less abiindant than ordinary

granulose. Erythrogranulose is converted by saliva into grape-sugar, but

not so readily as granulose. Brucke further regards dextrin resulting from

the conversion of starch as a mixture of erythrodextrin giving a red colour"

with iodine, and achroodextrin which is not coloured by iodine. Theforaier

is readily converted by saliva and similar agents into grape-sugar, the latter

with considerable difficulty ; so that a fluid originally containing starch,

after it has been acted upon by saliva until iodine gives no longer either

a blue or red colour, may still contain a considerable quantity of dextrin

in the form of achroodextrin. When starch is acted upon by dilute acids,

the conversion into dextrin is preceded by the appearance of soluble starch,

i.e. of starch which like dextrin forms a clear solution with water but un-

like dextrin gives a blue colour with iodine. Thus starting from granu-

lose and erythrogranulose, the end product of grape-sugar may be reached

through the intermediate stages of soluble starch or amidulin, erythro-

dextrin, and achroodextrin.

The conversion of starcli into sugar, or the amylolytic action of

saliva, will go on. at the ordinary temperature of the atmosphere.

The lower the temperature, the slower the change^ and at about 0° C.

the conversion is indefinitely prolonged. After exposure to cold of

even as much as some degrees below 0°, when the temperature is

again raised the action recommences. Increase of temperature up
to about 35°—40°, or even higher, favours the change. Beyond 60°

or 70° increase of temperature is injurious, and saliva which has

been boiled for a few minutes not only has no action on starch while

at that temperature, but does not regain its powers on cooling. By
being boiled, the amylolytic activity of saliva is permanently de-

stroyed.

The action of saliva on starch is favoured by a slightly alkaline

medium. It will, however, still go on even in the presence of a small

quantity of free acid. Increase of acidity, however, checks it. Thus
in a mixture containing "1 per cent, of free hydrochloric acid, the con-

version of starch is arrested. After a short exposure to a dilute acid,

saliva will regain its powers on neutralisation. Its activity is,

however, permanently destroyed by long exposure to weak, or by
shorter exposure to strong, acids. Strong alkalies also destroy it.

The action of saliva is hampered by the concentrated presence of

the product of its own action, that is, of sugar. If a small quantity

of saliva be added to a thick mass of boiled starch, the action will after

a while slacken, and eventually come to almost a stand-still long

before all the starch has been converted. On diluting the mixture

1 Vorlesungen, i. p. 221.
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with water, the action will recommence. If the products of action

be removed as soon as they are formed, a small quantity of saliva

will, if sufficient time be allowed, convert into sugar a very large, one

might almost say an indefinite, quantity of starch.

It is at present uncertain whether the constituent of the saHva, on

which its activity depends, is at all consumed in its action. Paschutin^

argues that it is ; but other observers have come to a contrary conchision.

On what constituent do the amylolytic virtues of saliva depend ?

If saliva, filtered and thus freed from mucus and the formed
constituents, be treated with ten or fifteen times its bulk of alcohol,

a precipitate containing all the proteid matters takes place. Upon
standing under the alcohol for some time (several days, or, better,

weeks), the proteids thus precipitated become coagulated and in-

soluble in water. Hence, an aqueous extract of the precipitate, made
after this interval, contains little or no proteid material. Yet it is

as active, or almost as active, as the original saliva (the solution

being brought to the same bulk as the saliva). If the precipitate be

treated with concentrated glycerine, very little passes into solution.

Nevertheless, the glycerine, diluted with water, is found to be highly

amylolytic. Now we cannot say that even this small quantity of

matter which is thus soluble in glycerine is entirely composed of the

really active constituent ; it may be and probably is a mixture of this

with other bodies. An amylolytic solution, free from proteid matter,

may also be prepared by Briicke's method for isolating pepsin (see

p. 193); but this also probably contains other bodies beside the really

active constituent; whatever the active substance be in itself, it

exists in such extremely small quantities, that it has never yet been
satisfactorily isolated ; and indeed the only evidence we have of its

existence is the manifestation of its peculiar powers.

The salient features of this body, which we may call ptyalin, are

then 1st, its presence in minute and almost inappreciable quantity

;

2nd, the close dependence of its activity on temperature ; 3rd, its

permanent and total destruction by a high temperature and by
chemical reagents such as a strong acid ;, 4th, the want of any clear

proof that it itself undergoes any change during the manifestation of

its powers; that is to say, the energy necessary for the transformation

which it effects does not come out of itself. If it is at all used up in

its action, the loss is rather that of simple wear and tear of a

machine, than that of a substance expended to do work ; 5th, the

action which it induces is of such a kind (splitting up of a molecule

with assumption of water) as is effected by the agents, called cata-

lytic, and by that particular class of catalytic agents called hydrolytic.

These features mark out the amylolytic active body of saliva

as belonging to the class of ferments'^ ; and we may henceforward

speak of the amylolytic ferment of saliva.

1 Centrbt. f. Med. Winsen., 1871.
2 Ferments may, for the present at least, be divided into two classes, commonly

called orrjanised and unorganised. Of tlie former, yeast may be taken as a well-known
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Mixed salivaj whose properties we have just discussed, is the

result of the mingling in various proportions of saliva from the

parotid, submaxillary, and sublingual glands with the secretion,

from the buccal glands.

Parotid saliva, as obtained by introducing a cannula into tlie Stenonian

duct, is clear and limpid, not viscid. On standing, it becomes turbid from
a precipitate of calcic carbonate, due to an escape of carbonic acid. It

contains globulin and some otber forms of albumin, with little or no mucin.
Potassium sulpliocyanate is present, but structural elements are absent. In
man, at least, it acts powerfully on starch.

Submaxillary saliva, as obtained by introducing a canniila into tlie

duct of Wliarton, differs from parotid sahva in being more alkaline and,

from the presence of mucus, more viscid ; it contains, often in abundance,
salivary corpuscles, and amorphous masses of proteid material. The so-

called chorda saliva in the dog (see Sec. 2) is under ordinary circumstances

thinner and less viscid, contains less mucus, and fewer structural elements,

than the so-called sympathetic saliva, which is remarkable for its viscidity,

its structiu-al elements, and for its larger total of solids.

In man, submaxillary saliva acts more powerfully on starch than parotid

saliva, and in animals whose saliva is active on starch, the activity is

found in the submaxillary saliva at least. In the dog, sublingual saliva is

more viscid, and contains more mucin and more total sohds than even the
submaxillary sahva.

The action of saliva varies in intensity in different animals.

Thus in man, the pig, the rabbit, the guinea-pig, and the rat, both
parotid and submaxillary and mixed saliva are amylolytic. In the dog,

parotid saliva is wholly inert on starch, submaxillary and mixed saliva

have a slight effect only ; the saliva of the cat is more active than that of

the dog. In the horse, sheep, and ox, the amylolytic powers of either

mixed saliva, or of any one of the constituent juices, are extremely feeble.

Where the saliva of any gland is active, an aqueous infusion of

the same gland is also active. The importance and bearing of this

statement will be seen later on. From the aqueous infusion of the
gland, as from saliva itself, the ferment may be approximately
isolated.

In some cases at least a ferment may be extracted from the gland even
when the secretion is itself inactive.

The readiest method indeed of preparing a highly amylolytic
liquid as free as possible from proteid and other impurities, is to

mince the gland finely, dehydrate it by allowing it to stand under
absolute alcohol for some days, and then, having poured off most of

the alcohol, and removed the remainder by evaporation at a low tem-

example. The fermentative activity of yeast •which leads to the conversion of sugar
into alcohol, is dependent on the life of the yeast-cell. Unless the yeast-cell be living
and functional, fermentation does not take place ; when the yeast-cell dies fermenta-
tion ceases ; and no substance obtained from yeast, by precipitation with alcohol or
otherwise, wUl give rise to alcohohc fermentation. The salivary ferment belongs to the
latter class ; it is a substance, not a living organism like yeast.



188 GASTRIC JUICE. [Book ii.

perature, to cover tlie pieces of gland with strong glycerine. A mere
drop of such a glycerine extract rapidly converts starch into grape-

sugar.

Gastric Juice.

Gastric juice, obtained by artificial stimulation from the healthy
stomach of a fasting dog, by means of a gastric fistula, is a thin
almost colourless fluid with a sour taste and odour.

In the operation for gastric fistula, an incision is made through the
abdominal walls, along the linea alba, the stomach is opened, and the lips

of the gastric wound securely sewn to those of the incision in the abdominal
walls. Union soon takes place, so that a permanent opening from the

exterior into the inside of the stomach is established, A tube of proper
construction, introduced at the time of the operation, becomes firmly

secured in place by the contraction of healing. Through the tube the

contents of the stomach can be received, and the mucous membrane
stimulated at pleasure.

"When obtained from a natural fistula in man, its specific gravity

has been found to differ little from that of water, varying from I'OOl

to I'OIO, and the amount of solids present to be very small, viz.

about "oG per cent.

In the dog however the amount of solids is as much as 2-7 per cent.,

and in the sheep 1-9^; and the estimate given above for man probably
does not represent a thoroughly healthy juice.

Of these about half, "24, are inorganic salts, chiefly alkaline

(sodium) chloride, with small quantities of phosphates. The organic

material consists ohiefly of peptone, other forms of proteids being
absent. In a healthy stomach gastric juice is free from mucus, un-
less some submaxillary saliva has been swallowed.

The reaction is distinctly acid, and the acidity is normally due
to free hydrochloric acid. This is proved by the fact that the

amount of hydrochloric acid is more than can be neutralized by
the bases, and this excess corresponds to the quantity of free acid

present^. Lactic and butyric and other acids when present are

secondary products, arising either by their respective fermentations

from articles of food, or from decomposition of their alkaline or other

salts. In man the amount of free hydrochloric acid in juice having
the above specific gravity was found to be "02 per cent.

This is probably below the normal of health, since in the dog Bidder
and Schmidt^ fouud free acid to the extent of "3 per cent., and in the

sheep •123 per cent. As will be mentioned below, a free acidity of '2 per

cent, is most efficacious in artificial digestion, and in all probability good
healthy human gastric juice possesses an acidity not far from this.

1 Bidder u. Schmidt, Die Verdauungssdfte, s. 73.

2 Bidder u. Schmidt, op. cit.

^ Op, cit.
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On starch gastric juice has per se no effect whatever; indeed
the acidity of the juice tends to weaken, and sometimes appears to

be sufficient to arrest the amylolytic action of any sahva with which
it may be mixed.

On grape-sugar and cane-sugar healthy gastric juice has no
effect.

When the stomacli contains mucus, gastric juice has the power of con-

verting cane-sugar into grape-sugar. This power seems to be due to

presence in the mucus of a special ferment, analogous to, but quite distinct

from, the ptyalin of saliva. An excessive quantity of cane-sugar intro-

duced into the stomach causes a secretion of mucus, and hence provides for

its own conversion.

On fats gastric juice is powerless. They undergo by reason of

it no change whatever in themselves. When adipose tissue is eaten,

all that happens in the stomach is that the proteid and gelatiniferous

envelopes of the fat-cells are dissolved, and the fats set free ; the fat

itself undergoes no change except the very slightest emulsion.

Such minerals as are soluble in free hydrochloric acid are for the

most part dissolved ; though there is a difference in this respect

between gastric juice and simple free hydrochloric acid diluted with
water to the same degree of acidity as the juice.

The essential property of gastric juice is the power of dissolving

proteid matters, and of converting them into a substance called

peptone.

Action of gastric juice on proteids. The results are essentially

the same whether natural juice obtained by means of a fistula or

artificial juice, i.e. an acid -infusion of the mucous membrane of the

stomach, be used.

Artificial gastric juice may be prepared in any of the following ways.

1. By scraping the surface of a (pig's or dog's) stomach, rubbing up
the scrapings with pounded glass and water in a mortar, filtering, and
adding hydrochloric acid, till the filtrate, which is in itself somewhat acid,

has a free acidity corresponding to '2 p. c. of hydrochloric acid. The juice

thus prepared contains but little peptone, but is not very potent.

2. By removing the mucous membrane from the muscular coat, minc-
ing the former finely, and allowing it to digest at 35° C. in a large quantity

of hydrochloric acid diluted to '2 p. c. The greater part of the membrane
disappears, shreds only being left, and the somewhat opalescent liquid can
be decanted and filtered. The filtrate has powerful digestive (peptic)

properties, but contains a considerable amount of the products of digestion

(peptone, &c.), arising from the mucous membrane digesting itself.

3. From the mucous membrane, similarly prepared and minced, the

superfluous moisture is removed with blotting paper, and the pieces are

thi'own into a comparatively large quantity of concentrated glycerine, and
allowed to stand. The membrane may be previously dehydrated by being

1 These however may be removed by concentration at 40° C, and subsequent
dialysis.
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allowed to stand under alcohol, but this is not necessary. The decanted
clear glycerine in which scarcely any of the ordinary proteids of the mucous
membrane are dissolved, if added to hydrochloric acid of '2 p. c. (a few
drops of glycerine to 100 cc. of the dilute acid are sufficient), makes an
artificial juice free from ordinary proteids and peptone, and of remarkable
potency, the presence of the glycerine not interfering with the results.

If a few slireds of fibrin, obtained by whipping blood, after

being thoroughly washed and boiled, be thrown into a quantity of

gastric juice, and the mixture exposed to a temperature of from
35" to 40° C, the fibrin will speedily, in some cases in a few minutes,
be dissolved. The shreds first swell up and become transparent,

then fall to pieces into flakes especially when the vessel containing

them is shaken, and finally disappear with the exception of a little

granular debris, the amount of which varies according to circum-
stances.

If small morsels of coagulated albumin, such as white of egg, be
treated in the same way, the same solution is observed. The pieces

become transparent at their surfaces; this is especially seen at the
edges, which gradually become rounded down ; and solution steadily

progresses from the outside of the pieces inwards.

If any other form of coagulated albumin, {e.g. precipitated acid or

alkali albumin, suspended in water and boiled) be treated in the
same way, a similar solution takes place. The readiness with which
the solution is effected, will depend, ceteris paribus, on the smallness
of the pieces, or rather on the amount of surface as compared with
bulk, which is presented to the action of the juice.

Gastric juice then readily dissolves coagulated proteids, which
otherwise are insoluble, or soluble only, and that with difiiculty, iu

very strong acids.

ITature of the chang-e as shewn by the products of the action.

If raw white of egg, largely diluted with water and strained, be
treated with a sufficient quantity of dilute hydrochloric acid, the
opalescence or turbidity which appeared in the white of egg on dilu-

tion, and which is due to the precipitation of various forms of glo-

bulin, disappears, and a clear mixture results. If a portion of the
mixture be at once boiled, a large deposit of coagulated albumin
occurs. If, however, the mixture be exposed to 85" or 40" C. for

some time, the amount of coagulation which is produced by boiling a
specimen becomes less, and, finally, boiling produces no coagulation

whatever. By neutralisation, however, the whole of the albumin
(with such restrictions as the presence of certain neutral salts may
cause) may be obtained in the form of acid-albumin or syntonin,

the filtrate after neutralisation containing no proteids at all (or a
very small quantity). Thus the whole of the albumin present in the
white of egg is converted, by the simple action of dilute hydrochloric

acid, into acid-albumin or syntonin.

If the same white of egg be treated with gastric juice instead of

simple dilute hydrochloric acid, the events for some time seem the
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same. Thus after a while boiling causes no coagulation, while neu-
tralisation gives a considerable precipitate of a proteid body, which,

being insoluble in water, and in dilute sodium chloride solutions,

and soluble in dilute alkali and acids, at least closely resembles

syntonin. But it is found that only a portion of the proteids origi-

nally present in the white of Qgg can thus be regained by precipita-

tion. A great deal is still retained in the filtrate after neutrali-

sation, in the form of what is called -pei^tone, and, on the whole, the

longer the digestion is carried on, the greater is the proportion borne
by the peptone to the precipitate thrown down on neutralisation

;

indeed, in some cases at all events, all the proteids are brought into

the condition of peptone.

Peptone is a proteid, having the same approximate elementary
composition as other proteids, and giving most of the usual proteid

reactions.

It is distinguished from other proteids by the following marked
features

:

1st. It is not precipitated by potassium ferrocyanide and acetic

acid, as are all other proteids.

2nd. Though soluble in distilled water and in neutral saline

solutions, even the most dilute, and therefore not precipitated from
its acid or alkaline solutions by neutralisation, it is not coagulated

by heat.

3rd. It is highly diffusible, passing through membranes with
the greatest ease. (For the other less important reactions see

Appendix.)

The neutralisation precipitate resembles, in its general characters,

acid-albumin or syntonin. Since, however, it probably is distinguish-

able from the body or bodies produced by the action of simple acid

on muscle or white of Qgg, it is best to reserve for it the name of

parapeptone. Thus the digestion by gastric juice of white of egg
results in the conversion of all the proteids present into peptone
and parapeptone, of which the former must be considered as the

final and chief product, the latter a bye product or initial product

of variable occurrence and importance. The gastric digestion of

fibrin, either raw or boiled, and of all forms of coagulated albumin,
gives rise to the same products, peptone and parapeptone. Milk
when treated wdth gastric juice is first of all coagulated or curdled.

This is the result partly of the action of the free acid and partly of

the special action of a particular constituent of gastric juice, of which
we shall speak hereafter. The coagulated milk is subsequently dis-

solved with the same appearance of peptone and parapeptone as in

the case of other proteids. In fact the digestion by gastric juice of

all the varieties of proteids consists in the conversion of the proteid

into peptone, with the concomitant appearance of a certain variable

amount of parapeptone.
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When raw unboiled fibrin is treated with gastric juice, the digesting

mixture is found, when examined immediately after the solution of the

fibrin, to contain, in addition to peptone and parapeptone, soluble albumin
coagulable by heat. No such soluble albumin is formed during the diges-

tion of boiled fibrin or of any form of coagulated albumin.

Circumstances affecting gastric digestion. In order to come to

a satisfactory conclusion on this matter, it is desirable to use the

same proteid in all the experiments ; and of all proteids, boiled

fibrin is most convenient. It should be boiled rather than raw,

because the latter is, for reasons of which we shall speak presently,

soluble to a certain extent in dilute acids alone. Since, as will be
seen, a given amount of gastric juice may by proper management be
made to digest an almost indefinite quantity of fibrin if sufficient

time be allowed, we are obliged to take, as a measure of the activity

of a specimen of gastric juice, the rapidity with which it dissolves a
given quantity of fibrin.

The greater the surface presented to the action of the juice, the

more rapid the solution. Hence minute division and constant move-
ment favour digestion. Neutralisation of the juice wholly arrests

digestion. Fibrin may be submitted for an almost indefinite time
to the action of neutralised gastric juice without being digested. If

the neutralised juice be again properly acidified, it becomes quite

as active as before. Digestion is most rapid with dilute hydrochloric

acid of '2 p. c. (the acidity of natural gastric juice). If the juice

contains much more or much less free acid than this, its activity is

visibly impaired. Other acids, lactic, phosphoric, &c. may be substi-

tuted for hydrochloric ; but they are not so effectual, and the degree

of acidity most useful varies with the different acids. The presence

of neutral salts, especially sodium chloride, in excess is injurious^.

The presence in a concentrated form of the products of digestion hin-

ders the process. If a large quantity of fibrin be placed in a small

quantity of juice, digestion is soon arrested ; on dilution with the

normal hydrochloric acid ('2 p. c), or if the mixture be submitted

to dialysis, and its acidity be kept up to the normal, the action re-

commences. Digestion is most rapid at about 35"—40° C. ; at the

ordinary temperature it is much slower, and at about 0° C. ceases

altogether. Gastric juice may be kept however at 0° C. for an in-

definite period without injury to its powers.

The gastric juice of cold-blooded animals is relatively more active at low
temperatures than that of warm-blooded animals ; whether this is due to a

difierent nature of the gastric juice, or to attendant circumstances, is un-

certain ^ The digestive fluid obtained from the stomach of the crab seems

to be akin to pancreatic rather than to gastric juiced

At temperatures much above 40" or 45" the action of the

1 A. Schmidt, Pfluger's ArcMv, xiii. (1870), p. 93.
^ Fick, Arbeiten Physiol. Lab. W'drz. ii. (1873) s. 181.
^ Huppo-Seyler, Pfluger's Arcltiv, xiv. (1877), 395.
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juice is impaired. By boiling for a few minutes the activity of the

most powerful juice is irrevocably destroyed. By removing the

products of digestion as fast as they are formed, and by keeping

up the acidity to the normal, a given amount of gastric juice may be

made to digest an almost unlimited quantity of proteid. This shews

that the energies of the juice are not exhausted by the act of

digestion.

It has been debated wlietber this statement is absolutely true. Dr
Kansome', however, thinks that the powers of the juice are even increased

by action.

Nature of the action. All these facts go to shew that the

digestive action of gastric juice on proteids, like that of saliva on

starch, is a ferment-action; in other words, that the solvent action of

gastric juice is essentially due to the presence in it of a ferment-body.

To this ferment-body, which as yet has been only approximately

isolated, the name of pepsin has been given. The glycerine extract

of mucous membrane, especially of that which has been dehydrated,

contains a minimal quantity of proteid matter, and yet is intensely

active. The elaborate method of Briicke gives us a residue which

possesses none of the ordinary proteid reactions, and yet in concert

with normal dilute hydrochloric acid is peptic in the highest degree.

We may therefore safely assert that pepsin is not a proteid. Briicke's

residue contained nitrogen, but it would be hazardous to assert that

that residue was nothing but pepsin. At present the manifestation

of peptic powers is our only test of the presence of pepsin.

Briicke's^ method is as follows. Gastric mucous membrane is digested

with dilute phosphoric instead of hydrochloric acid. To the filtered digest

clear lime-water is added, until a violet reaction with litmus is gained. The

bulky precipitate of calcium phosphate carries down with it mechanically

the greater part of the pepsin ; the supernatant fluid when reacidified has

very little peptic power. The precipitate is collected, pressed, suspended

in water, and redissolved carefully, with a minimal quantity of dilute

hydi'ochloric acid, and reprecipitated with lime-water; much of the

peptone which went down with the first precipitate is thus left behind,

while the pepsin still clings to the calcic salt. The precipitate is again

dissolved in dilute hydrochloric acid, placed in a flask, and a solution

of cholesterin in 4 parts alcohol to 1 ether is poured in slowly, through a

long funnel reaching to the bottom of the flask. The cholesterin rises as

a bulky mass to the top of the liquid, carrying the pepsin with it. After

several shakings the cholesterin is collected, washed with water acidulated

with acetic acid, and then with pure water. While still moist, it is trans-

ferred to a vessel and shaken with alcohol-free ether, which, dissolving the

cholesterin and floating on the top, leaves a watery stratum below. This

must be repeated until all the cholesterin is dissolved. The ether is

removed, and the watery residue is filtered. The filti-ate, though it does

not give the ordinary reactions of proteids, is, when acidulated, most

1 Journ. Anat. Pliijs. (1876), Vol. x.
" Moleschott's Untersuch. yi. (1859j, s. 479.

r. p. 13
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strongly peptic. By dialysis it may be still further purified (for pepsin

will not pass through ordinary dialysis paper) ; but even the dialysed fluid

gives a precipitate with basic and neutral lead-acetate.

In one important respect pepsin, the ferment of gastric juice,

differs from ptyalin, the ferment of saliva. Though saHva is most
active in a faintly alkaline medium, there seems to be no special

connection between the ferment and any alkali. In gastric juice,

however, there is a strong tie between the acid and the ferment, so

strong that some writers speak of pepsin and hydrochloric acid as

forming together a compound, pepto-hydrqchloric acid.

In the absence of exact knowledge of the constitution of proteids,

we cannot state distinctly what is the precise nature of the change

into peptone. Judging from the analogy with the action of saliva

on starch, we may fairly suppose that the process is at bottom one of

hydration. Peptone closely resembling, if not identical with, that

obtained by gastric digestion, may be obtained by the action of strong

acids, by the prolonged action of dilute acids especially at high tem-

perature, or simply by digestion with super-heated water in a Papin's

digester. The role of pepsin therefore is only to facilitate a change

which may be effected without it. Since, in the act of digestion, the

pepsin itself is not exhausted, it is clear that the energy which is

spent in the conversion of the proteid into peptone does not come
from the ferment.

We have seen that a particular acid and a particular dilution are most

favourable to digestion. "VVe may add, that the natural action of the acid

is modified by the presence of the pepsin. It is not that in digestion the

acid converts the proteid into acid-albumin, which, in turn, is converted by

the pepsin into peptone. Ordinary albumin is less readily converted into

neutralisation products when pepsin is present, than when pepsin is absent,

and, as we shall see, the neutralisation products probably differ also in

nature in the two cases. When bones are treated with simple hydrochlo-

ric acid, the earthy salts are dissolved out, and the animal basis left j when
bones are treated with gastric juice, the animal basis is acted on more
speedily than the earthy salts'. The nature of peptic digestion will how-

ever be more fully discussed under pancreatic digestion.

All proteids, as far as we know, are converted by pepsin into

peptone. Of its action on other nitrogenous substances not truly

proteid in nature, we need only say that mucin, nuclein, and the

chemical basis of horny tissues are wholly unaffected by it, but that

the gelatiniferous tissues are dissolved and changed into a substance

so far analogous with peptone, that the characteristic property of

gelatinisation is entirely lost.

Chondrin and the elastic tissues are also dissolved*.

Milk is peculiarly affected by gastric juice, whether natural or

artificial. It is curdled, that is to say, its casein is precipitated. The

1 Kiiline, Lehrl. i. 40. ^ Etzinger, Zt. f. Biolog. x. (1874), 84,
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change will go on at the ordinary temperature, but is favoured by
that of SS**—40". This property of gastric juice (which has long been
known in domestic life, the rennet used for the purpose of curdling

milk in the manufacture of cheese, or for other purposes, being an
infusion of calves' stomach) does not depend on the acidity of the

juice, i.e. the casein is not directly precipitated by the free acid of

the juice; for neutralized gastric juice is efficacious. Since the

property is lost when the neutralized juice is boiled, and the effects

are so closely dependent on temperature, it seems probable—and the
conclusion is supported by other facts—that a special ferment is pre-

sent in the juice, which, by converting the milk-sugar into lactic acid,

precipitates the casein. This ferment is not identical with pepsin,

for though the ordinary glycerine extract of mucous membrane is

active, Briicke's pepsin is powerless in this direction.

Bile.

The quality of bile varies much, not only in different animals, but
in the same animal at different times. It is moreover affected by
the length of the sojourn in the gall-bladder ; bile taken direct from
the hepatic duct, especially when secreted rapidly, contains little or

no mucus ; that taken from the gall-bladder, as of slaughtered oxen
or sheep, is loaded with mucus. The colour of the bile of carnivorous

and omnivorous animals, and of man, is a bright golden red : of

graminivorous animals, a golden green, or a bright green, or a dirty

green, according to circumstances, being much modified by retention

in the gall-bladder. The reaction is alkaline. The following may be
taken as the average composition of human bile (Frerichs).

In 1000 parts.

Water -
859-2

Solids :

—

Bile Salts ... 91-4

Fats, &c. ...

Cholesterin

Mucus and Pigment
Inorganic Salts ...

9-2

2-6

29-8

7-8

140-8

Bile therefore is distinguished from the other alimentary secretions

by the entire absence of proteids. With regard to the inorganic

salts, the points of interest are the presence of a large quantity of

sodium chloride ('2 to *27 per cent.), the presence of phosphates, and
of iron and manganese, and occasionally, at all events, of copper. The
ash contains soda in a very large amount, and also sulphates, both

coming from the bile-salts. The constituents which deserve chief

attention are the pigments and the bile-salts.

Pigments of Bile. The natural golden red colour of normal
human or carnivorous bile, is due to the presence of Bilirubin. This,

13—2
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which is also the chief pigmentary constituent of gall-stones, and
occurs largely in the urine of jaundice, may be obtained in the form

either of an orange-coloured powder, or of well-formed rhombic

tablets and prisms. Insoluble in water, and but little soluble in

ether and alcohol, it is readily soluble in chloroform, and in alkaline

fluids. Its composition is Cj^Hj^N^Og. Treated with oxidizing agents,

such as nitric acid yellow with nitrous acid, it displays a succession

of colours in order of the spectrum. The yellowish golden red

becomes green, this a greenish blue, then blue, next violet, after-

wards a dirt}'' red, and finally a pale yellow. This characteristic

reaction of bilirubin is the basis of the so-called Gmehn's test for

bile-pigments. Each of these stages represents a distinct pigmentary

substance. An alkaline solution of bilirubin, exposed in a shallow

vessel to the action of the air, turns green, becoming converted into

JBiliverdin (Cj^Hg^N^Og or Cj^Hj^Np^ Maly), the green pigment of

herbivorous bile. Biliverdin is also found in the edges of the placenta

of the bitch, and at times in the urine of jaundice, and is probably

the body which gives to bile which has been exposed to the action

of gastric juice, as in biliary vomits, its characteristic green hue. It

is the first stage of the oxidation of bilirubin in Gmelin's test.

Treated with oxidizing agents biliverdin runs through the same series

of colours as bilirubin, with the exception of the initial golden red.

We have already discussed, p.. 30, the relation of bilirubin to hsematoi-

din. Other pigments, bilifiiscin, biliprasin, have been found in small

quantities in gall-stones.

Fresh normal bile, either of man, the cow, the pig or dog, exhibits no

absorption-bands, though these make their appearance in the alcoholic

extracts, and when the bile has become altered.

When bilirubin has been oxidized down to the last (yellowish) stage in

Gmelin's test, the liquid is found to contain a body with characteristic

absorption-bands. To this the name of choletelin has been given. Bili-

rubin treated, on the other hand, with reducing agents (sodium amalgam)

is converted into a body called urobilin (hydrobihrubin), also with cha-

racteristic spectrum appearances. The latter body is of interest, since it

occurs frequently in urine, especially that of fever patients'.

The bile-salts. These consist, in man and many animals, of

sodium gbjcocholate and taurocholaie : the proportion of the two

varying in different animals. In ox-gall, sodium glycocholate is

abundant, and taurocholate scanty. Human bile-salts consist chiefly

of sodium taurocholate, there being only a small quantity of sodium

fdycocholate ; those of the dog, cat, bear, and other carnivora, consist

exclusively of the former, the latter being entirely absent.

In the bile of the pig two peculiar acids are present, in union with

sodium, viz., glycohyocholic and taurohyocholic, differing however but

sli^ditly from the above. Similarly, the bile of the goose contains tauro-

chenocholic acid.

1 Compare Jafffe, Virch. ArcMv, 47, 405 ; Heynsius and Campbell, Pfliiger's Archiv,

IV. 407, X. 24G ; Liebtrmanii, Pfliiger's Archiv, xi. 182.
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Insoluble in ether but soluble in alcohol and dn water, the aqueous

solutions having a decided alkaline reaction, both salts may be obtained

by crystallisation in fine acicular needles. They are exceedingly de-

liquescent. The solutions of both acids have a dextro-rotatory action

on polarized light.

Preparation. Bile, mixed, with, animal charcoal, is evaporated to dry-

ness and extracted with alcohol. If not colourless, the alcoholic filtrate

must be further decolorized with animal charcoal, and the alcohol distilled

off. The dry residue is treated with absolute alcohol, and to the alcoholic

filtrate anhydrous ether is added as long as any precipitate is formed. On
stancUno- the cloudy precipitate becomes transformed into a crystalline mass

at the bottom of the vessel. If the alcohol be not absolute, tJae crystals are

very apt to be changed into a thick syrupy fluid. This mass of crystals

has been often spoken of as hilin. Both salts are thus precipitated, so that

in such a bile as that of the ox or man bilin consists both of sodium glyco-

cholate and sodium taurocholate. The two may be separated by precipita-

tion from their aqvieous solutions with .sugar of lead, which throws down
the former much more readily than the latter. The acids may be sepai-ated

from their respective salts by dilute suljDhuric acid, or by the action of

lead-acetate and sulphydric acid.

On boiling with dilute acids (sulphuric, hydrochloric), or caustic

potash, or baryta water, glycocholic acid is split up into cholalic

(cholic) acid and glycin. Taurocholic acid may similarly be split

up into cholalic acid and taurin. Thus

glycocholic acid cholalic acid glycin

C,3H,3NO, + H,0 = C^H^^O, + C,H,NO,

taurocholic acid cholalic acid taurin

C,,H,NSO, + H,0 = C,,H,,0, + C,H,NS03.

Both acids contain the same nitrogenless acid, cholalic acid ; but

this acid is in the first case associated or conjugated with the im-
portant nitrogenous body glycin, or amido-acetic acid, and in the

second case with taurin, or amido-isethionic (amido-ethyl-sulphuric)

acid. This decomposition takes place naturally in the intestine \- so

that from the two acids, after they have served their purpose in diges-

tion, the two ammonia compounds are returned into the blood. Either

of the two acids, or cholalic acid alone, when treated with sulphuric

acid and cane-sugar, gives a magnificent purple colour (Pettenkofer's

test) with a characteristic spectrum. A similar colour is produced

by the action of the same bodies on albumin, amyl alcohol, and some
other organic bodies.

By dehydration, cholalic acid is converted into choloidic acid C^^H^gO^,

or into dyslysin 004113^03.

Action of Bile on Food. In some animals at least bile contains a

ferment capable of converting starch into sugar ; but its action in

^ Hoppe-Seyler, Yirchow's Archiv, xxv. 181, xxvi. (1863) 519.
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this respect is wlioUy subordinate. On proteids bile has no direct

digestive action whatever. But when bile, or a solution of bile-salts,

is added to a fluid containing the products of gastric digestion, a

copious precipitate takes place, consisting, chiefly at least, of parapep-

tone, the greater part of the pepsin present being at the same time

carried down mechanically, so that the supernatant liquid, even when
reacidified, has little or no peptic powers.

It is not quite clear how far this is due simply to the fact of the bile

being alkaline or to some special action of the bile-salts. It has been

asserted also that not only pai'apeptone but peptone is carried down in the

precipitate, and that the pepsin is i-eally rendered inert by the bile.

With regard to the action of bile on fats, the following statements

may be made

:

Bile has a slight solvent action on fats, as seen in its use by
painters. It has a slight but only slight emulsifying power. A
mixture of oil and bile separate after shaking less rapidly than a

mixture of oil and water; this action is probably due to the alkaline

nature of bile. With free fatty acids, bile forms soaps, and these

soaps are especially soluble in bile. Lastly, the wetting of mem-
branes with bile, or with a solution of bile-salts, assists in the

passage of fats through the membranes. Oil passes with consider-

able ease through a filter-paper kept wet with a solution of bile-

salts as compared with one kept constantly wet with distilled water.

Bile therefore must be said to have a slight action even on fats. It

is probable however that it is more useful when combined with pan-

creatic juice than when acting by itself.

Pancreatic Juice.

Natural healthy pancreatic juice obtained by means of a tem-

porary pancreatic fistula differs from the preceding fluids in the

comparatively large quantity of proteids which it contains. Its com-
position varies according to the rate of secretion, for with the more
rapid flow the increase of total solids does not keep pace with that of

the water, though the ash remains remarkably constant.

By an incision through the linea alba the pancreatic duct can easily be

found either in tlie rabbit or in the dog, and a cannula secured in it.

There is no difficulty about a temporary fistula; but Bernard found that

with permanent fistulse the secretion altered in nature, and lost many of

its characteristic properties. N. O. Bernstein \ however, has succeeded in

obtaining permanent fistulse without any impairment of the secretion.

Healthy pancreatic juice is a clear viscid fluid, frothing when
shaken. It has a very decided alkaline reaction, and contains few or

no structural constituents.

^ Ludwig's Arheiten, 1869, p. 1.
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The average amount of solids in the pancreatic juice of the dog
when obtained from a temporary fistula is about 8 to 10 p. c.^, but
Bernstein^ found in the thoroughly active secretion from a permanent
fistula about 2'5 p. c. (1*68—5'39), '8 being inorganic matter. The
important constituents are albumin, a peculiar form of casein, or alkali

albumin (precipitable by saturation with magnesium sulphate), leucin

and tyrosin, a small amount of fats and soaps, and a comparatively

large quantity of sodium carbonate, to which the alkaline reaction of

the juice is due, and which seems to be peculiarly associated with the

albumin.

When cooled to 0" C it is apt to undergo a sort of coagulation, becom-
ing fluid again on being gently heated^

According to Kiihne*, fresh pancreatic jiuice of the dog always contains

corpuscles similar to salivary corpuscles, and the coagulation observed by
Bernard is a true coagidation, resulting in a product very similar to

myosin. The coagulum however is speedily digested. Perfectly fresh

juice, Kiihne states, contains neither peptone nor tyrosin, and only the

barest trace of leucin.

Action on Food-stuffs. On starch, raw or boiled, pancreatic juice

acts with great energy, rapidly converting it into grape-sugar. All

that has been said in this respect concerning saliva might be re-

peated in the case of pancreatic juice, except that the activity of the

latter is far greater than that of the former; the pancreatic juice and
the aqueous infusion of the gland are always capable of converting

starch into grape-sugar, whether the animal from which they were
taken be starving or well fed. From the juice, or, by the glycerine

method, from the gland itself, an amylolytic ferment may be ap-

proximately isolated. On proteids it also exercises a solvent action,

so far similar to that of gastric juice that by it the proteids are

converted into peptone. If a few shreds of fibrin are thrown into

a small quantity of pancreatic juice, they speedily disappear, especially

at a temperature of 35° C, and the mixture is found to contain

peptone. The activity of the juice in thus converting proteids into

peptone, is favoured by increase of temperature up to 40" or there-

abouts, and hindered by low temperatures ; it is permanently de-

stroyed by boiling. The digestive powers of the juice in fact depend,

like those of gastric juice, on the presence of a ferment. A glycerine

extract of pancreas, prepared in the same method as that of the

gastric mucous membrane, is active on proteids (under appropriate

conditions), like the native juice.

The appearance of fibrin undergoing pancreatic digestion is how-
ever different from that undergoing peptic digestion. In the former

case the fibrin does not swell up, but remains as opaque as before, and
appears to suffer corrosion rather than solution. But there is a still

1 Bernard, Lex;. Phys. Exp. (1855), ii. 237. " Bernstein, op. cit.

^ Bernard, Ler^. Phys. Exp. ir. 230.
* Vcrhandl. Heidelb. Naturhist. Med. Vereins, 1876.
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more important distinction between pancreatic and peptic digestion

of proteids. Peptic digestion is essentially an acid digestion ; we
have seen that the action only takes place in the presence of an acid,

and is arrested by neutralization. Pancreatic digestion, on the other

hand, is essentially an alkaline digestion; the action will not take

place unless some alkali be present; and the activity of an alkaline

juice is arrested by acidification, and hindered by neutralization.

The glycerine extract of pancreas is under all circumstances as inert

in the j)resence of free acid as that of the stomach in the presence of

alkalis. If the digestive mixture be supplied with sodium carbonate

to the extent of 1 p. c, digestion proceeds rapidly, just as does a
peptic mixture when acidulated with hydrochloric acid to the extent

of '2 p. c. Sodium carbonate of 1 p. c. seems in fact to play in

pancreatic digestion a part altogether comparable to that of hydro-

chloric acid "2 p. c. in gastric digestion.

When isolated ferment, as tlie glycerine extract of pancreas, is ope-

rated with, •! p. c. of free hydrochloric acid is sufficient to arrest the

action. "With distilled water the digestion goes on but very slowly, and
the addition of sodium cai'bonate quickens the change, in proportion to

the quantity added, up to about -9 or 1'2 p. c. Beyond this, further alkali

is a hindrance, and large quantities stop the process altogether. Bile,

which arrests peptic digestion, seems, if anything, favourable to pancreatic

digestion \

Corresponding to this difference in the helpmate of the ferment,

there is in the two cases a difference in the nature of the products.

In both cases peptone is produced, and such differences as can at

present be detected between pancreatic and gastric peptones are

comparatively slight ; but in pancreatic digestion the bye product is

not, as in gastric digestion, a kind of acid-albumin, but a body having
more analogy with alkali-albumin.

Before solution has actually taken place the fibrin becomes
altered in character. It is soluble not only in dilute acids and alka-

lis, but also in a 10 per cent, solution of sodium chloride, and the
solutions obtained by the latter reagent are coagulable on boiling

and on the addition of strong nitric acid. The first action of the

pancreatic juice therefore seems to be to convert the proteid under
digestion into a body intermediate between alkali-albumin and ordi-

nary native albumin.

Bat though the general characters of pancreatic and gastric

digestion are on the surface so similar, it is more than probable that

profound differences do exist between them. This is shewn by the
appearance, in the pancreatic digestion of proteids, of two remark-
able nitrogenous crystalline bodies, leucin and tyrosin. When fibrin

(or other proteid) is submitted to the action of pancreatic juice, the
amount of peptone which can be recovered from the mixture falls

far short of the original amount of proteids, much more so than in the

1 Heidenhain, Pfliiger's Archiv, x. (1875) 557.
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case of gastric juice; and the longer the digestive action, the greater

is this apparent loss. If a pancreatic digestion mixture be freed

from the alkali-albumin by neutralization, and after concentration

by evaporation be treated with excess of alcohol, most of the

peptone will be precipitated. The alcoholic filtrate when con-

centrated, gives, on cooling, crystals of tyrosin, and the mother liquor

from these crystals will afford abundance of crystals of leucin. Thus
by the action of the pancreatic juice a considerable amount of the

proteid, which is being digested, is so broken up as to give rise to

products which are no longer proteid in nature. From its decom-
position there arise leucin, tyrosin, and probably several other bodies,

such as fatty acids and volatile substances. In gastric digestion such

a complete destruction of proteid material occurs to a much less

extent ; neither leucin nor tyrosin can at present be considered as

natural products of the action of pepsin.

As is well known, leucin and tyrosin are the bodies which make
their appearance when proteids or gelatin are acted on by dilute

acids, alkalis, or various oxidising agents. Now leucin is amido-
caproic acid, and thus belongs distinctly to the fatty bodies, while

tyrosin is a member of the aromatic group, being closely related to

benzoic acid. So that in pancreatic digestion we have the large

complex proteid molecule split up into its constituent fatty acid and
aromatic molecules, and into its other less distinctly known com-
ponents.

The presence of these bodies and of the alkali-albiimia in pancreatic

juice is probably due to an intrinsic digestion taking place in the secretion

as it passes along the duct or after it has been collected. Among the

supplementary products of pancreatic digestion may be enumerated a body
which gives a violet colour with chlorine water (this reaction is often seen

in the juice itself), and indol, to which apparently the strong and peculiarly

fsecal odour which makes its appearance diu"ing pancreatic digestion is due.

Indol, however, unlike the leucin and tyrosin, is possibly not a product

of pure pancreatic digestion, but of an accompanying decomposition due to

the action of organised ferments. A pancreatic digestive mixture soon be-

comes swarming with bacteria, in spite of careful precautions, when
natural juice or an infusion of the gland is used. When isolated ferment

is iised, and atmospheric germs excluded, no odour whatever is produced',

though carbonic acid and nitrogen are set free ; and Kiihne found no indol

produced when pancreatic digestion was carried on in the j)resence of

salicylic acid, which prevents the development of bacteria and like or-

ganisms.

After long-continued digestion, especially when accompanied by putre-

factive decomposition, the amount of proteids which are carried beyond the

peptone stage and broken up, may be very great. A slight difference be-

tween pancreatic and gastric digestion may be found in the fact, that while

fibrin boiled as well as raw is readily acted on by pancreatic juice, boiled

albumin, syntonin, &c. resist the action of pancreatic juice to a much
greater extent than they do that of gastric juice.

1 Hiifner, J. f. Prakt. Chem. N. F. x. 1.
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Theory of digestive Proteolysis. TLe simplest view of peptic diges-

tion is that of Briicke^ that the fibriu or albumin, <fec. is fii-st converted

into syntonin (parapeptone), and that the syntonin (parapeptone) Ls converted

into peptone ; and is moreover supported by the fact that the final result of

digestion with a very active juice is nothing but peptone. There are facts

LoAvever which, shew that so simple a view cannot be accepted. MeLssner"

came to the conclusion, based on very laborious researches, that the con-

version into syntonin was followed by the splitting up of that body into

'peptone -d-TX^ '[jo/rapeptone, the latter being distinguished from ordinary syn-

tonin not by its general characters, but by the fact that it was incapable of

being further converted into peptone by the action of gastric juice, though
it could undergo that change under the influence of pancreatic juice. He
further described two subsidiary products, metapepto-ae and dyspeptone, but

the characters he assigned to those bodies were unsatisfactory. He more-

over spoke of three kinds of peptone, A, B and G peptone, the last not being

precipitable, whilst the first two are, by acetic acid and potassium ferrocyanide,

J. in a weakly acid, ^ in a strongly acid solution ; in other words, G is a

perfect peptone and A and B are imperfect peptones. Kuhne^ is of opinion

that every natural proteid consists of, and may be spKt up into, two elements,

belonging to what he calls respectively the and group and the hfiTiii

gi'oup. TVh.en a proteid is digested by trypsin, such being the name which
Kuhne gives to the purified pancreatic ferment capable of acting on pro-

teids, two peptones are produced, an antijjepitone and a liemipepAcme. Of these

the first, antipeptone, undergoes no further change under the action of trypsin;

it remains a peptone. Hemipeptone on the other hand is readily decomposed

by trypsin into leticin, tyrosin and the other products of pancreatic digestion.

So also when a proteid is digested by pepsin, the same antijDeptone and hemi-

pjeptone are formed ; but, unlike trypsin, pepsin cannot produce any further

change in the hemipeptone. (The assertion that leucin and tyrosin appear

as products of peptic digestion, is explained by the fact that pepsin is associ-

ated in the gastric membrane with a proteid body, which gives up consider-

able qiiantities of leiicin and tp'osin when dissolved in a dilute acid. Try]5sin

also is associated with a similar body in the pancreas.) Thus the results of

peptic and tryptic digestion together are antipeptone with leucin, tyrosin,

»fcc., the latter arising from the profounder tryjjtic digestion of hemipeptone.

Between these peptones however and the original proteid are various stages,

and, under certain circumstances, various bye products. Thus antipeptone

ha.s for its antecedent antialhuraose (Briicke's parapeptone) agreeing in its

general characters with the syntonins, but capable of conversion into anti-

peptone oidy, never into hemipeptone. Similarly hemipeptone has an ante-

cedent heriiio.Uni.mose (apparently Meissner's A peptone) soluble in dilute acids

and alkalis and in a 10 p. c. sodium-chloride solution, and convertible, by
the agency of pepsin or trypsin, into hemipeptone, and of trypsin alone into

leucin, tyrosin, ikc. The action of dilute hydrochloric acid at 40" on pro-

teids gives rise, on the side of the hemi-group, to hernialbumose and so

to hemipeptone. By the action of sulphuric acid at 100*' C. the hemipeptone

is further reduced to leucin, tyi-osin, itc. On the side of the anti-gi'oup

these agents give rise to a body which Kfihiie calls antialburaate. This

1 Wien. Sitzunf/shericht, xxxvii. LSI, xliii. 601.
" Zt. f. Bat. Med. vii. 1, viii. 280, x. 1, xii. 46, xn-. .303.

3 Verhandl. Xaturhist. Med. Vereins, Heidel. 1876.
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substance also occurs in digestive mixtures where the pepsin is insufficient.

It is not capable of any change under the influence of pepsin, but by trypsin

is converted into antipeptone. It is evidently the real pai-apeptone of Meiss-

ner. These results of Kiihne it will be seen reconcile some previous con-

tradictions; and the distinction of the anti- and hemi-groups, if it prove

as general as Kiihne supposes, throws a great light on proteid metabolism.

It may be remarked, in passing, that hemialbumose agrees very closely with
the peculiar proteid body discovered by Bence Jones in the urine of a case

of osteomalacia. According to Kiihne, while the activity of trypsin is

entii-ely destroyed by digestion with pepsin, trypsin has no such effect on
pepsin.

On the gelatiniferous elements of tlie tissues, unless they have
been previously treated with acid or heated with water, pancreatic

juice appears to have no solvent action. In this respect it affords a
striking contrast to gastric juice

\

Trypsin, unlike pepsin, will dissolve mucin. Like pepsin, it is inert

towards nuclem, horny tissues, and the so-called amyloid matter.

On Fats pancreatic juice has a twofold action : it emulsifies

them, and it splits up neutral fats into their respective acids and
glycerine.

If hog's lard be gently heated till it melts and be then mixed
with pancreatic juice before it solidifies on cooling, a creamy emul-
sion, lasting for almost an indefinite time, is formed. So also when
olive oil is shaken up with pancreatic juice, the separation of the

two fluids takes place very slowly, and a drop of the mixture under
the microscope shews that the division of the fat is very minute.
An alkaline aqueous infusion of the gland has similar emulsifying

powers.

If perfectly neutral fat be treated with pancreatic juice, espe-

cially at the body-temperature, the emulsion speedily takes on an
acid reaction, and by appropriate means not only the corresponding

fatty acids but glycerine may be obtained from the mixture. When
an alkali is present, the fatty acids thus set free form their corre-

sponding soaps.

Pancreatic juice contains fats, and is consequently apt after collection

to have its alkalinity reduced, and an aqueous infusion of a pancreatic

gland (which always contains a considerable amount of fat) very speedily

becomes acid.

Thus pancreatic juice is remarkable for the power it possesses of

acting on all the food-stuffs, on starch, fats and proteids.

The action on starch and on proteids is certainly, and the splitting up
of fatty acids is probably, due to the presence of distinct ferments, and
DanUewsky^ has suggested a method for isolating these three ferments.

1 Ewald and Kiihne, VerJiandl. Naturhist. Med. Vereins, Heidelberg. Bd. i. (1S76).
2 Virchow's Archiv, xxv, p. 279.
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The emulsifying power, on the other hand, is connected with the general

composition of the juice (or of the aqueous infusion of the gland), being

probably in large measure dependent on the alkali-albumin present. The
proteolytic ferment trypsin contains, according to Kilhne, a considerable

quantity of nitrogen ; and the fact that it can be digested by pepsin would
seem to indicate that it is really proteid in nature. Thei'e are no means
of distinguishing the amylolytic ferment of the pancreas from ptyalin.

The action of pancreatic juice, or of the infusion or extract of the

gland, on starch, is seen under all circumstances, whether the animal
be fasting or not. The same may probably be said of the action on
fats.

Pancreatic juice, when secreted in a normal state, is always active

on proteids\ The glycerine extract or aqueous infusion of the

gland, on the contrary, differs at different times
;
prepared from an

animal some 4 to 10 hours after food has been taken, it is very

powerful
;
prepared from a fasting animal, it exhibits scarcely any

action at all. To this point we shall return immediately.

Succus Entericus.

When, in a living animal, a portion of the small intestine is liga-

tured, so that the secretions coming down from above cannot enter

its canal, while yet the blood-supply is maintained as usual, a small

amount of secretion collects in its interior. This is spoken of as the

succus entericus, and is supposed to be furnished by the glands of

Lieberkiihn. We have no exact knowledge however as to what
extent such a secretion takes place under normal circumstances

;

and the statements with regard to its action are conflicting. Thus it

bas been said to act on starch, to convert proteids into peptone, and
to emulsify fats ; on the other hand, each of these actions has been
denied.

Thiry^ divided the small intestine in two places at some distance

apart. By fine sutures he united the lower end of the upper with the
upper end of the lower section, thus as it were cutting out a whole piece

of the small intestine from the alimentary tract. In successful cases,

union between the cut surfaces took place, and a shortened but otherwise
satisfactory canal was established. Of the isolated piece the lower end was
carefully closed by sutures, while the upper was brought to the wound in

the abdominal wall and secured there. A fi.stula was thus formed, leading

into a short piece of intestine quite isolated from the rest of the alimentary
canal. From this isolated intestine Thiry obtained a thin yellowish

alkaline albuminous secretion which dissolved fibrin very much in the
same way as does pancreatic juice, but was ineflfectual on other proteids

and had no action on starch. Kolliker and H. MuUer found that jiroteids

introduced into the intestines were digested in the case of carnivora, but
not in the case of herbivora, Funke^ also agrees with Thiry that starch

^ N. 0. Bernstein, I.e. ^ Wien. Sitziingsbericht, l. 77. ^ Lehrb. p. 190.
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injected into isolated loops of rabbit's intestine is not converted into sugar;

wlaile Frericbs and Bnsch came to tbe opposite conclusion. Certainly

pieces of the intestine of the pig or of the rabbit, or a glycerine extract of

the pieces, will rapidly convert starch into sugar; and it is difficult to

suppose that this action is due to an admixture of pancreatic juice which
had not been thoroughly removed by washing, since pieces of the intestine

of the sheep, which are also subject to admixture with active pancreatic

juice, are, when similarly treated, inert as far as starch is concerned. Still

no great stress can be laid on this, since an amylolytic ferment can be

obtained from almost every pai-t of the body of a pig or a rabbit.

Succus entericus has also been said to change cane- into grape-

sugar, and by a fermentative action to convert cane-sugar into lactic

acid, and this again into butyric acid with the evolution of carbonic

acid and free hydrogen.

Of the possible action of other secretions of the alimentary canal,

as of the csecum and large intestine, we shall speak when we come
to consider the changes in the alimentary canal.

Of the secretion of Brunner's glands we can only say that it is a viscid

fluid containing mucus, which does not act on fats, and probably not on
proteids.

Sec. 2. The Act of Secretion in the case of the Digestive
Juices, and the Nervous Mechanisms which regulate it.

The various juices whose properties we have just studied, though so

different from each other, are all drawn ultimately from one common
source, the blood, and they are poured into the alimentary canal, not

in a continuous flow, but intermittently as occasion may demand.
The epithelium cells which supply them have their periods of rest

and of activity, and the amount and quality of the fluids which these

cells secrete are determined by the needs of the economy as the food

passes along the canal. We have therefore to consider how the

epithelium cell manufactures its special secretion out of the ma-
terials supplied to it by the blood, and how the cell is called into

activity by the presence of food at some distance from itself, or by
circumstances which do not bear directly on itself In dealing with

these matters in connection with the digestive juices, we shall have
to enter at some length into the physiology of secretion in general.

The question which presents itself first is. Does the ejDithelium

cell simply serve as a filter, merely draining off from the blood the

already formed constituents of its secretion, each cell being fitted

in some way to catch and deliver particular substances ? in other

words. Is secretion merely selection, just as from a mixture of shots

of various sizes a selection might be made by passing them over a

series of sieves with meshes of varying width ? or does the cell draw
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upon the blood for the nutritive elements required for the growth of

all protoplasm, and out of those common elements manufacture in

the recesses of its own substance the chemical bodies which charac-

terize the fluid it pours forth ?

This question is naturally the first to be asked, nevertheless it

will be of advantage to defer it for the present, and, while still

bearing it in mind, to pass on to the second question: By what
mechanism is the activity of the secreting cells brought into play ?

While fasting, a small quantity only of saliva is poured into the
mouth; the buccal cavity is just moist and nothing more. When
food is taken, or when any sapid or stimulating substance, or indeed
a body of any kind, is introduced into the mouth, the flow induced
may be very copious. Indeed the quantity secreted in ordinary life

during 24 hours has been roughly calculated at as much as from 1 to

2 litres. An abundant secretion in the absence of food in the mouth
may be called forth by an emotion, as when the mouth waters at the
sight of food, or by a smell, or by events occurring in the stomach, as

in some cases of nausea. Evidently in these cases some nervous
mechanism is at work. In studying the action of this nervous
mechanism, it will be of advantage to confine our attention at first

to the submaxillary gland.
The submaxillary gland (Fig. 86) is supplied with nerves from

two sources : from the cervical sympathetic along the submaxillary
arteries, and from the seventh or facial nerve by fibres, which, run-
ning in the chorda tympani, join the lingual branch of the fifth

nerve, from which they diverge close under the lower jaw, and run as

a small nerve close beside the duct to the gland.

If a tube be placed in the duct, it is seen that when sapid

substances are placed on the tongue, or the tongue is stimulated in

any other way, or the lingual nerve is laid bare and stimulated with
an interrupted current, a copious flow of saliva takes place. If the

sjmipathetic be divided, stimulation of the tongue or lingual nerve
still produces a flow. But if the small chorda nerve spoken of above
be divided, stimulation of the tongue or lingual nerve produces no flow.

Evidently the flow of saliva is a nervous reflex action, the lingual

nerve serving as the channel for the afferent and the small chorda
nerve for the efferent impulses. If the trunk of the liugual be di-

vided above the point where the chorda leaves it, as at Fig. 36 n. I',

stimulation of the tongue produces, under ordinary circumstances, no
flow. This shews that the centre of the reflex action is higher up
than the point of section ; it lies in fact in the brain.

In the angle between the lingual and the chorda, where the latter

leaves the former to pass to the gland, lies the small submaxillary ganglion

(represented diagrammatically in Fig. 36, sm. gl.), from which branches

pass to the lingual on the one hand and to the chorda on the other; branches

may also be traced towards the ducts and glands and towards the tongue.

It has been much debated whether this ganglion can act as a centre of

reflex action.
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Bernard' fouticl that after he had divided the conjoined lingual and
chorda at about one cm. above the place where the chorda diverges to the
gland (as at n. V Fig. 36), stimulation of the lingual at about 3 or 4 cm.
distance below the ganglion still caused a flow of saliva ; this effect how-
ever was no longer seen when the branches passing from the ganglion
to the lingu.al had been previously divided. He explained the result by
supposing that the impulses generated by the stimulus were conveyed by
afferent fibres in the lingual, along the lingual roots of the ganglion to the
ganglion, and were thence reflected by efferent fibres along the branches from

V. SyTTV.

cTv.-t"

Fig. 36.

DiAGKAMMATIC EePKESENTATION OF THE SUBMAXILLARY GlAND OF THE DOG WITH ITS

Nerves and Blood-Vessels.

(This is not intended to illustrate the exact anatomical relations of the several

structures.)

sm. gld. The submaxillary gland, into the duct (sm. d.) of which a cannula has
teen tied. The sublingual gland and duct are not shewn.

n.l.,n.l'. The lingual branch nerve. ch.t.,ch.t'. The chorda tympani, proceeding
from the facial nerve, becoming conjoined with the lingual at n.l' and afterwards
diverging and passing to the gland along the duct.

sm. gl. The submaxillary ganglion with its several roots, n. I. The lingual pro-

ceeding to the tongue.
a. car. The carotid artery, two branches of which, a.sm.a. and r.sm.p., pass to^'the

anterior and posterior parts of the gland, v. sm. the anterior and v. the posterior veias
from the gland, falling into v.j. the jugular vein.

V. sym. The conjoined vagus and sympathetic trunks.

gl. ear. s. The siiper-cervical ganglion, two branches of which forming a plexus

{a.f.) over the facial artery, are distributed (n.sym.sm.) along the two glandular arteries

to the anterior and posterior portions of the gland.

The arrows indicate the direction taken by the nervous impulses during reflex

stimulation of the gland. They ascend to the brain by the lingual and descend by the
chorda tympani.

1 Comptes Ecndus, 1862, ii. 341.
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the ganglion to the chorda and so to the gland. The ganglion, in fact, acted
as a reflex centre. The same apparent reflex secretion could also be induced
but less readily" by pinching the peripheral branches of the lingual near the
tongue, or by dipping them into concentrated salt solution. In this case

also the secretion failed to appear if the lingual roots of the ganglion were
divided. Such a reflex secretion was very difficult to obtain by stimulation
of the mucous membrane of the tongue; but Bernard was successful when,
he stimulated the tongue directly with a galvanic current or drew the
tongue out and placed ether on its surface. The secretion in all these cases

was accompanied by a dilation of the blood-vessels of the gland, and the
efiect on the gland was indeed wholly similar to that of directly stimulating

the chorda. Bernard further insisted that in these experiments no ansesthetics

were to be used, and observed that the reflex efiect was no longer visible

when two or three days had elapsed after section of the conjoined lingual

and chorda trunks. Both these facts rather militate against his view, since

it seems improbable that a sporadic ganglion should be susceptilDle of

anaesthetics, or that degeneration and functional incapacity of the ganglion
should follow upon section of the conjoined lingual and chorda so long as

the afierent and efierent coimections of the ganglion with the gland and
tongue were kept up.

Eckhard^ in repeating Bernard's experiments failed to obtain any efiect

from dipping the endings of the lingual nei"ve in salt solution or from
placing ether on the tongue, and he very naturally argued (being sup-

ported in this by Heidenhain^) that the efiects seen when galvanic stimu-

lation was employed were due to an escape of the current upon the chorda

fibres. Schifi"^ did obtain reflex secretion after section of the conjoined

lingual and chorda, by direct galvanic stimulation of the tongue and by
pouring ether on the surface of that organ; but the currents necessary in

the first case to produce any efiect were so strong that escape must have
taken place, and in the second case the secretion appeared even though the

lingual was divided close under the tongue, and when therefore this

nerve could not have been the channel for conveying impulses to the sub-

maxillary ganglion. He further pointed out that in large dogs at all

events, certain fibres of the chorda after running along the conjoined

lingual and chorda do not leave the lingual with the rest of the fibres going

straight to the gland, but continue in the lingual close up to the tongue,

then bend round and as recurrent fibres run back and eventually join the

nerve going to the gland. He in consequence argued that Bernard in

stimulating the lingual below the divergence of the chorda was in reality

stimulating not afierent but efierent fibres. But in such a case, these

recurrent fibres must pass to the chorda through the ganglion, if Bernard's

result be true that the reflex efiect ceases when the lingual roots of the

ganglion are divided. Schiff" further states, that these recurrent fibres

degenerate in the retrograde portion of their course when the lingual is

divided near the tongue, and that no effect follows upon stimulation of the

lingual after section of the conjoined chorda and lingual if the lingual have
some five or six days previously been divided close to the tongue so as to

cause degeneration of the recurrent fibres, provided that the stimulation be

^ Zt.J. nat. Med. xxix. (1807), p. 74. 2 Breslau Studien, 1868.
•* Moleschott's Untersucklingen, x. (1870) 423.
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not so strong as to lead to an escape of tiie current to the main chorda

fibres. In small dogs Schiff could not so readily demonstrate these recur-

rent fibres, and though he says the apparent reflex secretion is more easily

obtained in large dogs, such as Bernard probably used, than in smaller

ones, it is improbable that mere size should make such a difference in

nervous distribution; and if an escape of current can explain the results

in the one case it can also probably in the other.

Biddei-'s^ account of the nerves of the ganglion at first sight offers support

to Bernard's views. In the dog he finds, passing from the ganglion direct to

the tongue, nerves containing meduUated fibres which do not degenerate when
the chorda is divided. These fibres accox'dingly would seem to take their

origin in the ganglion and to be the afi'erent nerves required for Bernard's

views. When Bidder divided the conjoined lingual and chorda, he found the

chorda fibres after about three weeks completely degenerated, not only those

forming the nerve going to the gland but also those constituting the
branches going to the ganglion :

—

i. e. the chorda roots of the ganglion.

In the ganglion and in the branches going from the ganglion to the gland
were seen numerous degenerated fibres in the midst of undegenerated (but

non-medullated) fibres which seemed to have their origin in the ganglion

itself. Thus after complete degeneration of the true chorda fibres, there

still remained intact, (1) the ganglion, (2) fibres from the ganglion to the

tongue, and (3) fibres from the ganglion to the gland, in fact, exactly the

nervous mechanism demanded by Bernard's view. But Bidder, like Eck-
hard, failed to obtain a reflex secretion by pouring ether on the tongue after

division of the conjoined lingual and chorda, and he found that galvanic

stimulation of the nerves going from the ganglion to the tongiie was of no
effect, provided that errors due to escape of current on to the main chorda
fibres were avoided by previously inducing through section degeneration of

the chorda fibres including the chorda roots of the ganglion. Since this

degeneration of the chorda fibres was unaccompanied by any degeneration

of the ganglion itself or of the fibres passing from the tongue to the gan-
glion, and most of the fibres passing from the ganglion to the gland still

remained intact, Bernard's explanation of his inability to get reflex secretion

for more than a few days after section of the united lingual and chorda,

is rendered insufficient; indeed the absence of all effect after degeneration
of the chorda fibres has once beea established shews that the ganglion is

not the essential factor in his experiments, that in some way or other the
chorda fibres must have themselves been dii-ectly stimulated.

We have contrary to our wont given this controversy in detail on
account of the great importance of the subject. The submaxillary ganglion
is the only case in which it has been with any success attempted to demon-
strate by experiment the reflex action of a sporadic ganglion, and the question
whether sporadic ganglia can or cannot serve as centres of reflex action is

at the present time at least a question of pressing interest.

Stimulation of the glossopharyngeal is even more effectual than
that of the lingual. Probably this indeed is the chief afferent nerve
in ordinary secretion. Stimulation of the mucous membrane of the
stomach (as by food introduced through a gastric fistula) or of the
vagus also produces a flow, as indeed may stimulation of the sciatic,

^ Reichert u. Du Bois-Eeymond's Archiv, 1867, p. 1.

F. P. 14.
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and probably of many other afferent nerves. All these cases are in-

stances of reflex action, the cerebro-spinal system acting as a centre.

In most cases the centre lies in the medulla oblongata, and secretion

may be caused by direct stimulation of this organ ; where ideas or

emotions cause a flow, the stimulation begins higher up in the brain

;

and in cases where the sense of taste, as distinguished from general

sensation, is concerned in the matter, it is probable that the afferent

impulses ascend into the brain higher up than the medulla, before

they return as efferent impulses. In all these cases the chorda

tympani is the sole efferent nerve. Section of that nerve, either

where the fibres pass from the lingual nerve and the submaxillary

ganglion to the gland, or where it runs in the same sheath as the

lingual, or in any part of its course from the main facial trunk to

the lingual, puts an end at once (with the disputed exception men-
tioned above) to the possibility of any flow being excited by stimuli ap-

plied to the mouth, or any part of the body other than the gland itself.

This statement is probably too absolute; for though satisfactory evi-

dence of reflex excitation of the submaxillary gland by means of the sympa-

thetic is not forthcoming, it seems unlikely that the secretory as distin-

guished from the vaso-motor activity of this nerve should never be put to

use in actual life.

In life, then, the flow of saliva is brought about by the advent

to the gland along the chorda tympani of efferent impulses, started

chiefly by reflex actions. The inquiry thus narrows itself to the

question : In what manner do these efferent impulses cause the

increase of flow?

If in a dog a tube be introduced into Wharton's duct, and the

chorda be divided, the flow, if any be going on, is from the lack of

efferent impulses arrested. On passing an interrupted current

through the peripheral portion of the chorda, a copious secretion

at once takes place, and the saliva begins to rise rapidly in the

tube; a very short time after the application of the current the flow

reaches a maximum which is maintained for some time, and then, if

the current be long continued, gradually lessens. If the current be
applied for a short time only, the secretion may last for some time
after the current has been shut off. The saliva thus obtained is but
slightly viscid, and contains but few salivary corpuscles or proto-

plasmic lumps. If the gland itself be watched, while its activity is

thus roused, it will be seen that its arteries are dilated, and its

capillaries filled, and that the blood flows rapidly through the veins

in a full stream and of bright arterial hue, frequently with pul-

sating movements. If a vein be opened, this large increase of flow,

and the lessening of the ordinary deoxygenation of the blood conse-

quent upon the rapid stream, will be still more evident. It is clear

that excitation of the chorda acts on some local vaso-motor centre

in the gland, and largely dilates the arteries ; it acts energetically

as a dilator nerve.
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Thus stimulation of the chorda brings about two events : a
dilation of the blood-vessels of the gland, and a flow of saliva.

The question at once arises, Is not the latter simply the result of the
former ? The activity of the epithelial secreting cell, like that of
any other form of protoplasm, is dependent on blood-supply. When
the small arteries of the gland dilate, the capillaries become fuller,

more blood passes through them in a given time, a larger amount of
nutritive material passes away from them into the surrounding
lymph-spaces, and so into the epithelium cells (and it must be
remembered that though by the dilation the pressure in the ar-

teries of the gland is diminished, that of the capillaries and veins
is increased), the result of which must be to quicken the processes
going on in the cells, and to stir these up to greater activity. This
must be so ; but it does not necessarily follow that the activity

thus excited should take on the form of secretion. It is quite pos-
sible to conceive that the increased blood-supply should lead only
to the accumulation in the cell of the constituents of the saliva,

or of the materials for their construction, and not to a discharge
of the secretion. A man works better for being fed, but feed-
ing does not make him work in the absence of any stimulus.

The increased blood-supply therefore, while favourable to active

secretion, need not necessarily bring it about. Moreover, the fol-

lowing facts deserve attention. When the chorda is energetically

stimulated, the pressure acquired by the saliva in the duct exceeds
the arterial blood-pressure for the time being; that is to say, the
pressure of fluid in the gland outside the blood-vessels is greater
than that of the blood inside the blood-vessels. This must, what-
ever be the exact mode of transit of nutritive material through
the vascular walls, tend to check that transit. Again, if the head
of an animal be rapidly cut off, and the chorda immediately stimu-
lated, a flow of saliva takes place far too copious to be accounted
for by the emptying of the salivary channels through the contraction
of their walls. In this case secretion is excited in the absence of
blood-supply. Lastly, if a small quantity of atropin be injected
into the veins, stimulation of the chorda produces no secretion

of saliva at all, though the dilation of the blood-vessels takes
place as usual. This remarkable fact can only be accounted for

by supposing that the chorda contains two sets of fibres, one
secreting fibres, acting directly on the epithelium cells only, and the
other vaso-motor or dilating fibres, acting on the blood-vessels only,

and that atropin, while it has no effect on the latter, paralyses the
former just as it paralyses the inhibitory fibres of the vagus. These
facts, and especially the last, clearly prove that when the chorda is

stimulated, there pass down the nerve, in addition to im23ulses

affecting the blood-supply, impulses affecting directly the proto-
plasm of the secreting cells, and calling it into action, just as similar

impulses call into action the contractility of the protoplasm of a
muscular fibre. Indeed the two things, secreting activity and con-

14—2
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tracting activity, are quite parallel. We know that when a muscle

contracts, its blood-vessels dilate; and just as by atropin the secreting

action of the gland may be isolated from the vascular dilation, so

by urari muscular contraction may be removed, and leave dilation

of the blood-vessels as the only effect of stimulating the muscular

nerve. In both cases the greater flow of blood is an adjuvant to,

not the exciting cause of, the activity of the protoplasm.

If the chorda acts thus directly on the secreting cell, there must be

a physiological and probably an anatomical connection between the cell

and the nerve-fibre. Although Pfliiger's^ observations as to the actual mode
iu Avhich the nerves end in the gland have not been generally accepted,

nerve-fibres have been traced to the exterior of the alveoli, and Kupifer^

has shewn that in the salivary glands of Blatta, the nerve-fibres certainly

pass into tho protojilasm and apparently end in the nuclei of the cells.

When the cervical sympathetic is stimulated, the vascular effects

are the exact contrary of those seen when the chorda is stimulated.

The small arteries are contracted, and a small quantity of dark

venous blood escapes by the vein. Sometimes, indeed, the flow

through the gland is almost arrested. The sympathetic therefore

acts as a constrictor nerve, and in this sense is antagonistic to the

chorda. We have already referred to the probable existence of a

local vaso-motor centre situated in the gland itself, in which indeed

there are found ganglionic cells in abundance. The fact that section

of the cervicad sympathetic does not cause complete dilation of the

vessels of the gland—the dilating effects of stimulation of the chorda

being fully evident after previous section of the sympathetic

—

affords additional support to this view. We may accordingly state

that, while the chorda tympani inhibits, the sympathetic exalts, the

action of this local centre.

The antagonism between the two, as far as the blood supply is con-

cerned, is very imperfect, the sympathetic being the more powerful; thus

stimulation of the chorda produces very little effect in altering the results

of a concomitant strong stimulation of the sympathetic^

The effects on the flow of saliva from the submaxillary gland of

the dog brought about by stimulation of the sympathetic, are very

peculiar. A slight increase of flow is seen, but this soon passes off,

and what saliva is secreted is remarkably viscid, of higher specific

gravity, and richer in corpuscles and protoplasmic lumps, and it is

said to be more active on starch than the chorda saliva^. This action

of the sympathetic is not affected by atropin.

Czermak" was the first to point out that the effect of chorda stimu-

lation was hindered by a concomitant stimulation of the sympathetic; and

^ Strieker's Tlintolofiy, Syd. Soc. Trails. Art. Salivary Glands (by Pfliiger).

2 Ludwig's Festi/ahe, p. Ixiv. ^ Fxey, Ludwig's Arhelten, 1876, p. 89.

4 Eckhard, Bciiriirje, ii. (IBCO), p. 81. in. (ISGl), p. 39.
° Wicn. Sitzungsberichte, xxv. (1857), p. 3.
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Kiilme^ observed that no flow at all took place, when both nerves were

siiiiulfeaneously stimulated with minimum currents, i.e. with currents

which applied to either, nerve separately were just sufiicient to produce an

obvious flow ; each nerve in fact seemed to be the antagonist of the other.

Most observers agree that when both chorda and sympathetic are stimu-

lated at the same time with strong currents, the action of the chorda,

contrary to what takes place as far as the blood-supply is concerned, prevails

as far as secretion is concerned, i.e. the flow is copious and watery.

Heidenhain^ found that when the stimulation of the sympathetic was
continued [i.e. repeated stimulations with brief intervals) for some time

the secretion, at first viscid, eventually became watery like chorda saliva,

and that the effect of a prolonged stimulation of the chorda was to lessen or

annul the effect of any sympathetic stimulation immediately following.

He also remarked, as Ludwig and Becker^ had already observed in the case

of chorda stimulation, that after prolonged (intermittent) stimulation of

either nerve the percentage of solids in the saliva diminished, the deficit

falling much more on the organic than on the inorganic constituents. These

various facts not only afford additional evidence that the secretory activity

of the salivary nerves is something distinct from their vaso-motor activity,

but also go far to prove that the sympathetic as well as the chorda acts

directly on the nerve-cells, and that its effects cannot be explained by
reference to any indirect action. But they do not leave the matter in a

satisfactory condition. Heidenhain distinguishes two processes in the act

of secretion of saliva : a formation or rather a discharge of mucus (i. e. the

conversion of the mucus of the raucous cells into a more soluble form) and

a secretion of fluid; and he believes that these two processes are governed

by separate fibres, both kinds of fibres being present in both chorda and
sympathetic, but the "mucus-forming" fibres predominant in the sympa-

thetic and the "fluid-secreting" fibres in the chorda. To reconcile his view

with facts he is further obliged to suppose, in analogy with the corre-

sponding views concerning vaso-dilator and vaso-constrictor fibres, that the

mucus-forming fibres are more readily exhausted than the other kind. It

is worthy of notice that though in the dog sympathetic saliva is undoubt-

edly more viscid than chorda saliva, in the cat the veiy opposite holds

good*; and that in the cat atropin, unlike the case of the dog, prevents the

sympathetic secretion. In the rabbit, the chorda saliva of ^yhich, unlike

that of the dog, is entirely free from mucus, the sympathetic saliva, though

scanty, is also free from mucus.

Bernard* observed that after section of all the nerves going to the

gland, a continuous and fairly copious secretion of a watery saliva soon set

in and continued for some time. Heidenhain® observed the same thing,

the continuous flow beginning from four to twenty-four hours after section

of the nerves, soon reaching a maximum and after some wrecks decreasing

again as regeneration of the nerves took place. During this 'paralytic

secretion,' as it is called, the gland diminishes in size, and in some cases

where the nerves are not restored appears to undergo degeneration. A

1 Lehrh. p. 5 (1866). ^ Breslau. Studien, iv. (1868).

3 Zt. f. Rat. Med. i. 278.
^ Langley, J. N., from anUnpublished research.
= Eobin's Journal cle VAnat. et de la Fhysiolog. i. (1864), p. 511.

^ Oj3. -cit.
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paralytic secretion also appears if the chorda only be divided; and urari-poi-

soning* produces a similar flow. The paralytic secretion is watery but con-

tains both mucin and salivary corpuscles. The mechanism of its production

is obscure, but Heidenhain observed a similar continuous secretion to result

when the duct of the gland was kept ligatured for twenty-four hours and
then opened. Heidenhain also observed that when the nerves of the gland

on one side were cut, a paralytic secretion appeared in the gland of the

other side also.

The natural reflex act of secretion may be inhibited, like the reflex

action of the vaso-motor nerves, at its cerebral centre. Thus when,

as in the old rice ordeal, fear parches the mouth, it is probable that

the afferent impulses passing from the mouth cease, through emotional

inhibition of their reflex centre, to give rise to efferent impulses.

The history of the submaxillary gland then teaches us that secre-

tion in this instance is a reflex action, the efferent impulses of

which directly affect the secreting cells, and that the vascular phe-

nomena may assist, but are not the direct cause of the flow. We
have dwelt long on this gland because it has been more fruitfully

studied than any other. The nervous mechanisms of the other

secretions may be passed over much more rapidly.

In the parotid gland a flow is caused by stimulation of the au-

riculo-temporal branch of the fifth nerve.

The active fibres in this nerve probably spring from the facial, passing

throxigh the lesser superficial petrosal nerve and the otic ganglion. Stimu-

lation of the sympathetic also causes a slight flow, but the saliva in this

case is not viscid. Eckhard^ failed, in the parotid of the sheep, to get any

eifect, whatever nerve he stimulated.

The presence of food in the stomach causes a copious flow of

gastric juice. The quantity secreted in man in the twenty-four

hours has been calculated at from 13 to 14 litres. When the gastric

mucous membrane is stimulated mechanically, as with a feather,

secretion is excited : but to a very small amount. A dilute alkali

seems to be the most energetic local stimulus; thus the swallowing

of saliva at once provokes a flow of gastric juice. During fasting the

gastric membrane is of a pale grey colour; during digestion it be-

comes red and flushed, and to a certain extent tumid. The secretion

of gastric juice therefore seems to be accompanied by vascular dila-

tion in the same way as is the secretion of saliva.

Seeing that, unlike the case of the saliva, food is brought into

the immediate neighbourhood of the secreting cells, it is exceedingly

probable that a great deal of the secretion is the result of the working
of a local mechanism. Nevertheless, since the flow of gastric juice

may be excited or arrested by events in distant parts, as by emotions,

the gastric membrane must be in some way or other brought into

relation with the central nervous system ; and probably future in-

quiries will disclose a mechanism as complete as that of the sub-

1 Bernard, Op. cit. ^ Leitrdrje, vii. IGl.
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maxillary gland. At present, however, tlie matter is very imperfectly

known,

Rutherford' found that the gastric membrane, flushed during digestion,

became pale when the vagi were cut. Stimulation of the central end of
either vagus caused a reddening of the gastric membrane, but stimulation

of the peripheral end produced no constant effect. From these results

we may infer that afferent impulses pass up the vagus and by inhibit-

ing in the medulla the vaso-motor centre governing the gastric blood-

vessels, cause a dilation of the latter. The efferent impulses evidently do
not descend by the vagus; probably therefore their path is along the sym-
pathetic. After division of both vagi, gastric juice of normal acidity and
peptic power continues to be secreted. The same occurs after division of

both splanchnic nerves, and even after extirpation of the coeliac ganglion.

When the acid contents of the stomach are poured over the
orifice of the biliary duct, a gush of bile takes place. Indeed, stimu-

lation of this region of the duodenum with a dilute acid at once calls

forth a flow, whereas alkaline fluids so applied have little or no effect.

This, probably, is a reflex action leading to the contraction of the
muscular walls of the gall-bladder and ducts, accompanied by a
relaxation of the sphincter of the orifice ; it refers therefore to the
discharge rather than to the secretion of bile.

When the secretion of the bile is studied by means of a biliary

fistula (which, however, probably induces errors by the total with-
drawal from the body of the bile which should naturally flow into

the intestine), it is seen to rise rapidly after meals, reaching its

maximum in from four to ten hours. There seems to be an im-
mediate, sudden rise when food is taken, then a fall, followed

subsequently by a more gradual rise up to the maximum, and ending
in a final fall. It is exceedingly probable that these variations are

due to the action of the nervous system, but the exact nature of the
nervous mechanism is unknown.

Stimulation of the splanchnics causes an increase in the flow from a
biliary fistula, but this is probably due to contraction of the bile-ducts.

Rutherford^ finds that the injection of various substances, ipecacuanha,

podophyllin, &c., into the duodenum causes an increase in the actual secre-

tion, but the manner of the increase is not yet explained.

Unlike the case of saliva, the pressure under which the bile is

secreted never exceeds that of the blood, and is in general very low.

When a water manometer is connected with the gall-bladder of a
guinea-pig, the ductus choledochus being ligatured, the fluid may
rise in the manometer to about 200 mm. (equivalent to about 16
mm. mercury), but not much beyond. If water be poured into the
open end of the manometer so as to raise the pressure much above
200 mm., resorption into the circulation takes place, and the fluid in

the manometer sinks to, or even below, the normal leveP. The

1 Pliil. Trans. Edin. xxvi. (1870). ^ joiirn. Anat. Phys. x. xi. (1876, 77).
^ Friedliiuder u. Bariscli (Heideuhain) Du Bois-Beyruond's Archiv, 1800, p. 646.
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quantity secreted in man in the 24 hours has been estimated

roughly at about 10 kilos, but the calculations are based on very

imperfect data.

The relation of the nervous system to the secretion of the pan-

creatic juice has been studied rather more fully. N. O. Bernstein^

finds that in the dog the secretion, after food has been taken, follows

the curve oiven in Fig. 37. There is a sudden maximum rise im-

4.0
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afferent impulses ascending the vagus and descending by some otlier

channel. If all the nerves going to the pancreas around the pancreatic

artery be severed as completely as possible, a continuous paralytic flow,

not increased but rather diminished by food, and very slightly if at all

hindered by nausea or stimulation of vagus, is brought on, Heidenhain^

states that stimulation of the medulla oblongata causes an increased flow.

With regard to the SUCCUS entericus our information is very

limited. Thiry^ found that in the isolated intestine the secretion

was not a constant one, but needed for its production some stimulus

(mechanical or other) which probably acted in a reflex manner.

Moreau^ found that after section of the nerves going to a piece of

intestine isolated after Thiry's method, a copious flow of a dilute intestinal

juice takes place. This is altogether comparable to the paralytic flow of

saliva and pancreatic juice.

Thus, while the influence of the nervous system is in the case

of the submaxillary gland tolerably clear, in the case of the other

secretions we have much yet to learn, and must rest rather on

the analogy with the submaxillary gland, than on any known facts.

We cannot, however, go far wrong, if we conclude that in all cases

secretion is essentially due to an increase in the activity of the

epithelium cells, and that variations in the blood-supply have a

secondary effect only.

It must however be borne in. mind that substances brought to the

secreting cell by the blood may possibly act as chemical stimuli of its

protoplasm, just as certain chemical substances may stimulate a muscular

fibre to contraction in the absence of all nerves. Thus any substance, such

as a therapeutic drug, may affect any given secretion, in various ways,

viz. (1) by dilating the blood-vessels and increasing the blood-supply, (2) by
acting as a direct chemical stimulus on the protoplasm, (3) by exciting se-

cretion in the cell through reflex action of the nervous mechanism belong-

ing to the cell, (4) by acting directly on the nervous centre of that mechan-

ism. We shall return to these questions when we come to speak of the

secretion of urine.

We are now in a position to attack the second problem. What is

the exact nature of the activity which is thus called forth ?

We learn from the researches of Heidenhain'* that each

secreting cell of a pancreas of an animal (dog) which has been
fasting for 30 hours or more consists of two zones : an inner zone,

next to the lumen of the alveolus, which is studded with fine

granules, and a smaller outer zone, which is homogeneous or marked
with delicate striae. Carmine stains the outer zone easily, the

inner zone with difficulty. The nucleus, more or less irregular

in shape, is placed partly in the one and partly in the other

zone. When however the pancreas of an animal in full digestion

(about six hours after food and onwards) is examined, the outer

1 Pfliiger's Archiv, x. (1875) 557. - Wien. Sitzungsbericht. l. p. 77.
3 Centrbt. Med. Wiss., 1868, p. 209. * op. cit.
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homogeneous zone is found to be much wider, the granular inner

zone being correspondingly narrower, and in some cases actually dis-

appearing. The whole cell is smaller, and owing to the relatively

larger size of the outer zone, stains well. The nucleus is spherical

and well formed. If the pancreas be examined at the end of diges-

tion, the outer zone is again found to be narrow, the granular inner

zone occupying the greater part of the cell, which in consequence

stains witli difficulty ; and the whole cell has once more become
larger. There seems to be but one interpretation of these facts.

During the time that the pancreas is secreting most rapidly, there is a
diminution of the inner zone ; that is to say, the inner zone furnishes

material for the secretion. But while the inner zone is diminishing,

the outer zone is increasing, that is to say, the outer zone is being

built up again out of materials brought to it from the blood, though
not to such an extent as to prevent the whole cell from becoming
smaller. When digestion is ended, after the pancreas has ceased

to secrete, the inner zone again enlarges, evidently at the expense of

the outer zone, though the latter also continues to increase, causing

the whole cell to become bigger. From thence till the next meal,

there occurs a partial consumption of the inner zone, so that the

outer zone becomes more conspicuous again, though the whole cell

becomes smaller. Evidently the outer homogeneous zone is formed

at the expense of the blood, the inner granular zone at the expense of

the outer zone, and the secretion at the expense of the inner zone.

Kiihne and Lea'^ observing, under the microscope, the pancreas

of the living rabbit, have been able to watch the actual process of

secretion ; and their results, while they extend, in the main corro-

borate those of Heidenhain. In the quiescent pancreas of the rabbit,

the cells are for the most part filled with granules, the transj)arent

outer zone being reduced to small dimensions ; the outlines of the

individual cells are very indistinct with the margins of the alveoli

smooth ; and the blood-supply is scanty. Upon secretion being set

up, the margins of the active alveoli become indented through a bulg-

ing of their constituent cells, the outlines of which now become dis-

tinct ; the granules retreat towards the inner zone, bordering on the

,

cavity of the alveolus, and as secretion goes on, evidently diminish in

number, the whole cell becoming hyaline and transparent from the

outer border inwards ; while the blood-vessels dilate largely, and the

stream of blood through the capillaries becomes full and rapid.

We have already seen, p. 204, that in order to obtain an actively

proteolytic aqueous pancreatic extract, the animal must be killed

during full digestion. This statement now requires modification.

If the pancreas of an animal, even in full digestion, be treated,

wliile still warm from the body, with glycerine, the glycerine extract

is inert or nearly so as regards proteid bodies. If, however, the same
pancreas be kept for 24 hours before treating with glycerine, the gly-

J Vevhandl. NaiurJdst. Med. Vereins, Heidelberg, Bd, i, (1877) Hft. 5.
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cerine extract readily digests fibrin and other proteids in the presence

of an alkali. If the pancreas, while still warm, be rubbed up in a

mortar for a few minutes with dilute acetic acid, and then treated with

glycerine, the glycerine extract is strongly proteolytic. If the glyce-

rine extract obtained without acid from the warm pancreas, and

therefore inert, be diluted largely with water, and kept at 35° C,

for some time, it becomes active. If treated with acidulated in-

stead of distilled water, its activity, as judged of by its action on

fibrin in the presence of sodium carbonate, is much sooner developed.

If the inert glycerine extract of warm pancreas be precipitated with

alcohol in excess, the precipitate, inert as a proteolytic ferment when
fresh, becomes active when exposed for some time in an aqueous

solution, rapidly so when treated with acidulated water. These facts

shew that a pancreas taken fresh from the body, even during full

digestion, contains hut little ready-made ferment, though there is

present in it a body which, by some kind of decomposition, gives

birth to the ferment. They further shew that though the presence of

an alkali is essential to proteolytic action of the actual ferment, the

formation of the ferment out of the body in question is favoured by

the presence of an acid. To this body, this mother of the ferment,

Heidenhain has given the name of Zymogen^. It has not at pre-

sent been satisfactorily isolated.

Hence, in judging of the functional activity of the pancreas

under various circumstances, we must look to not the ready-made

ferment, but the ferment-giving zymogen. And Heidenhain has

made the important observation that the amount of zymogen in a

pancreas at any given time rises and sinks pari passu with the

granular inner zone. The wider the inner zone, the larger the

amount of zymogen ; the narrower the zone, the smaller the amount

;

and in the cases of so-called paralytic secretions from old-established

fistulge, where the juice is wholly inert over proteids, the inner

granular zone is absent from the cells. Evidently so far from the

proteolytic ferment being simply drained off from the blood, in the

first place the actual ferment is formed in the pancreas out of the

zymogen, and in the second place the zymogen of the inner granular

zone is formed in the cell itself out of the homogeneous outer zone.

We have in fact two distinct processes to deal with : (1) the manu-
facture of zymogen ; this is part of the growth or nutrition of the

cell, and is slow and continued
; (2) the splitting up or conversion of

the zymogen into the proteolytic ferment ; this is the real act of

secreting, and is intermittent and rapid ; this is the form of activity

which can be called forth by nervous impulses, the form of activity

which is comparable to a muscular contraction.

The thought at once suggests itself that the a]->pearance of an acid in

the protoplasm of the cell under circumstances similar to those which give

1 Or zymogen may be resei-ved as a generic name for 'mother of ferment;' in

that case the particular mother of the pancreatic proteolytic ferment might be called

trypsinogen. .
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rise to the acid formed during muscular coiiti-action, miglit be tlie imme-
diate cause of the zymogen becoming converted into ferment.

In the case, then, of the proteolytic ferment of the pancreas we
have striking proof that the process of secretion, both in its prepara-

tory and executive stages, is a laborious, active, manufacturing func-

tion of the cell, and not simply a passive, selective, filtering function.

How far this is also true of the other ferments of the pancreas, and

of the active constituents of the other digestive juices, cannot at pre-

sent be authoritatively affirmed, but we have, both in the case of the

stomach and of the salivary glands, facts pointing very distinctly in

that direction.

In the gastric glands of a starving animal, the central (as distin-

guished from the ovoid or 'peptic') cells are pale, and finely granular,

and do not stain readily with carmine and other dyes. During gastric

digestion, the same cells are found crumpled, darker, and more
granular; they stain much more readily. This is true, not only of

the central cells of the so-called peptic glands, but also of the cells of

which the so-called mucous glands are exclusively built up. (The

ovoid or peptic cells themselves during digestion appear swollen, and

project more on the outside of the gland, but otherwise appear un-

changed.) Evidently, during digestion, the central cells become
loaded with a granular, more deeply staining proteid material, which

probably arises from a transforma-tion of the protoplasm of the cells.

In the mucous glands such as those abundant in the pylorus there is seen

in the lumen also of the gland a granular material, which, since it makes

its appearance after the mechanical stimulation of the membrane of an

empty stomach, cannot, when it occurs during digestion, be regarded as

simply digested food about to be absorbed. The granular character of

the cells themselves therefoi-e must also come from within, and cannot be

due to material absorbed from the cavity of the stomach.

It will be observed that the phenomena of the gastric cells are different

from those of the pancreatic cells. In the case of the pancreatic cell it is

the part of the cell which contains the granules which does not stain

readily; and the granules make their appearance during rest, and disappear

upon stimulation. In the case of gastric central cells, it is when the cell

becomes loaded with granules that it stains most deeply, and it becomes

loaded with granules not during rest but during stimulation, or at least

when the stomach is digesting. The observations of Kiihne and Lea shew
that in the pancreas the granules are actually used up to form the secretion.

If in the gastric cell the granules are really elements of the secretion, they

must during active digestion be formed more rapidly than they are used

up, and must cease to be formed as the work of digestion languishes.

We have a certain amount of, but not wholly satisfactory, evidence of the

existence of a mother of pepsin, or pepsinogen, comparable to the pancreatic

zymogen. There has been a great dispute as to whether the pyloric end of

the stomach, that containing the so-called mucous glands only, has peptic

powers. The reconciliation of contradictory statements may perhaps be

found in the fact', that while the glycerine extract of the fresh pylorus,

1 Ebstein and Griitzner, Pfliiger's Archiv, vni. (1874), p. 122.
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even in the presence of free liydrochloric acid, is inert, care being taken to

avoid admixture with the secretion of the cardiac end, an acid infusion of

the same part rapidly becomes peptic. It would seem as if here, as in the
case of zymogen, an acid is favourable to the conversion of the pepsinogen
into pepsin. Apparently however, pejosinogen differs from zymogen in
being insoluble in glycerine, while the latter is, as we have seen, freely

soluble in that fluid. The subject requires to be more fully worked out.

We may therefore with good reason suppose that pepsin is

formed by the direct activity of the gastric cells ; and in that case

the pepsin which is present in blood \ in muscle and in urine^, is not
the source of the pepsin in the gastric juice, but is already-used

pepsin reabsorbed from the stomach and intestine, and on its way,
to be discharged from the body. The formation of the free acid of

the gastric juice is very obscure. It seems natural to suppose that

it arises in some way from the decomposition of sodium chloride,

but nothing definite can at present be stated as to tlie mechanism of

that decomposition, or as to what are the mutual relations between
the genesis of the acid and that of the pepsin.

If the reaction of the raucous membrane of the stomach be tested at

different depths from the surface, as in the long tubular glands of a bird, it

will be seen that the acidity is confined to the upper portion, indeed to

the mouths, of the glands. So also when potassium ferrocyanide and an
iron salt are injected into the veins, a blue colour is developed only on the

surface of the mucous membrane, and not in the depths of the gland,

shewing that an acidity sufficient to allow of the development of the blue

is present only at the surface. These facts are opposed to Heidenhain's
suggestion, that while the central cells manufacture pepsin, the large ovoid
(peptic) cells (which lie chiefly in the middle of the gland) are given up to

the production of acid^

In the case of some of the salivary glands, for instance the sub-
maxillary gland of the dog, the simpler events leading to the appear-
ance of the ferment are obscured by processes having apparently for

their object the production of mucus. When a section is prepared of

a resting submaxillary gland of the dog, %. e. of a gland which for

some time has not been actively secreting, the cells of the alveoli are
found not to stain readily with carmine; and this lack of staining ap-
pears to be due to the fact that the greater part of the protoplasm of

the cells has become converted into a mucin-bearing substance, only
a small portion of unchanged protoplasm, easily staining with car-

mine, remaining round the nucleus. In addition to these ' mucipa-
rous cells' are seen a number of smaller half-moon-shaped (demilune)
cells, the protoplasm of which stains deeply with carmine. These

1 The presence of pepsin in blood is one reason -why boiled fibrin should be used in
peptic experiments rather than raw. The boiling destroys the pepsin clinging to the
fibrin.

2 Briicke, Moleschott's Untersuch. vi. 479.
3 Cf. however S-vsaecicki, Pfliiger's Archiv, xiii. (1876) p. 444. Partsch, ArcJiiv f.

Micros. Anat. xiv. (1877) 179.
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half-moon cells, which lie outside the muciparous cells, between them
and the basement membrane, are apparently young cells, frequently

possess two or more nuclei, and in general seem to be in a state of

active growth and multiplication.

When similar sections are prepared from glands which have been
thrown into long continued activit}^ by stimulation of the chorda, the

muciparous portion of the alveolar cells, that portion which does

not stain rapidly, is found to have diminished, and the protoplasmic

staining portion to have increased in quantity in proportion to the

amount of stimulation. In some cases no muciparous cells can
anywhere be seen ; all the cells are alike composed of protoplasm,

and all stain deeply. It has been disputed whether a muciparous cell

simply discharges its mucin, the removal of the mucin being followed

by a growth of the protoplasm round the nucleus, to be in turn fol-

lowed by a new development of mucin, the same cell thus forming
and discharging mucin again and again ; or whether the whole cell

goes to pieces at the time it discharges the mucus, its place being

taken by one of the half-moon cells, which grows up rapidly for that

purpose. In all probability both events occur at least after prolonged

stimidation, the simple discharge of mucus and regeneration of the

cell being analogous to what takes place in the pancreas, while the

substitution of the young half-moon cell, in place of the old disinte-

grated muciparous cell, being something special to the submaxillary

gland.

"VVlien a flow of saliva is bi'ought by stimulation of the sympathetic

similar changes may be observed, and they are also seen, though to a less

extent, in the case of a paralytic secretion '. In the submaxillary gland of

the rabbit no such, muciparous cells are to be seen, and no obvious differ-

ences have as yet been discovered between the cells of the gland at rest

and those of the gland at work. If changes similar to those seen in the

pancreas do take place, they are not such as can be readily seen in sections

of prepared glands.

The submaxillary gland of the dog may be taken as a type of what have
been called 'mucous glands', from the presence of muciparous cells in the

gland, and mucin in the secretion. The submaxillary gland of the rabbit

may be taken as a type of what have been called 'serous glands,' from the

absence of muciparous cells in the gland, and of mucin in the secretion.

Bome glands, such as the submaxillary of man, may be regarded as mixed
glands^, i.e. partly mucous and partly serous.

What relation these changes bear to the production of the amy-
lolytic ferment is unknown; it must, however, be remembered, as

we stated above (p. 187), that the amylolytic ferment is in many
animals absent, and in all a subordinate constituent of the secretion.

Relying on the analogy of the pancreas, we may fairly assume
that the secretion of even such a complex fluid as the bile, is in the
main the result of the direct metabolic activity of the protoplasm of

^ Heideuliain, op. cit.
' Cf. Lavclowsky, Arch'w f. Micros. Anat.xin. (1877), 2S1.
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the hepatic cells. And this view is supported by the fact that after

extirpation of the liver, no accumulation of the biliary constituents

is observed to take place during the few hours of life remaining to

the animal after the operation. Still the great complexity of the
secretion introduces several very important considerations. In the
first place, the liver, unlike the other digestive glands, has a double
supply of blood ; and vain attempts have been made to settle by
direct experiment the question whether the hepatic artery or the
vena portse is the more closely concerned in the production of bile.

Ligature of the hepatic artery has sometimes had no effect on the
secretion, sometimes has interfered with it. Sudden ligature of the
vena portse at once stops the flow of bile ; but gradual obliteration

may be effected without either causing death or even interfering with
the secretion, anastomotic branches forming a collateral circulation and
thus maintaining an efficient flow of blood through the liver. The
problem, which is probably a barren one, cannot be settled in this way.

In the second place, the hepatic cells not only secrete bile, but as

we shall see later on, take an active part in other operations of even
greater importance. The consideration of the question in what way
these several functions of the hepatic cells are related to each other

must be deferred for the present.

In the third place, even if we maintain that the chief constituents

of the bile are manufactured in the hepatic cells, and not simply
drained off from the blood, we are not thereby precluded from admit-
ting that the hepatic cells may avail themselves of certain half-made
materials, the arrival of which in the blood may so to speak lighten

their labours, or that they may even boldJy seize upon and pass off as

their own handiwork any wholly manufactured constituents which may
be offered to them. Thus we have already seen reasons for thinking
that the bile-pigments are not made de novo in the hepatic cells,

but spring from haemoglobin, the change in the liver being simple
transformation. So also it is quite possible, though not proved, that
much if not all of the cholesterin of bile is merely withdrawn by the
liver from the body at large. And even with the central components
of bile, the bile salts, we know in the case of taurocholic acid, taurin
is normally present in certain tissues, and that in the case of glyco-
cholic acid, glycin, if not a normal constituent of any tissue, is

present in the liver, since the liver can convert benzoic into hippuric
acid, as we shall see in a succeeding section ; so that the formation
of these bodies by the hepatic cells may be limited to the production
of cholalic acid apd its conjugation with one or otlier of the above
amido-acids. Moreover as a matter of fact, we find that the flow of bile

from a biliary fistula is much increased by the injection of bile into

the small intestine \ This experiment renders it possible that some
of the bile which in natural digestion is poured into the intestine is

reabsorbed, and carried back to the liver to do duty over again.

1 Sehiff, Pfluger's Archiv, in. (1870), 398.
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Possibly however, the effect may be explained by some more indirect

action of the bile in the intestine.

In medical practice, distinction is drawn between jaundice by suppres-

sion of the secreting functions of the liver and jaundice by retention, brought

about by an obstruction existing in some part of the biliary passages. The
gravity of the symptoms in the first class of cases shews that an arrest or a

too great diminution of the normal functions of the hepatic cells is at least

accompanied by the presence in the blood of substances injurious to life;

but how far the presence of those substances is due to a failure of the

manufacture of bile and the accumulation in the system of the materials

for the formation of bile, or to a failure of other functions of the hepatic

cells, must be regarded as at present undetermined. The presence of the

bile-pigment in this form of jaundice would seem to indicate that the for-

mation of the pigment, i. e. the transformation of hsemoglobin into biliru-

bin, requires but little labour on the part of the cell, and may be carried on

even when the protoplasm of the cell is highly dei-anged.

Seeing the great solvent power of both gastric and pancreatic juice, the

question is naturally siiggested, Why does not the stomach digest itself?

After death, the stomach is frequently found partially digested, viz. in

cases when death has taken place suddenly on a full stomach. In an ordi-

nary death, the membrane ceases to secrete before the circulation is at an

end. That there is no special virtue in living things which prevents their

being digested is shewn by the fact, that the legs of a frog or the ear of a

rabbit introduced into a gastric fistula are readily digested. Dr Pavy^ has

suggested that the blood-current keeps up an alkalinity sufiicient to neu-

tralize the acidity of the juice; and he shews by experiment that tracts of

the gastric membrane, from which the circulation is cut off, are digested.

But tracts so cut off soon die, they lose not only the alkalinity of the blood

but also all their powers; and the alkalinity of the blood will not explain

why the mouths of the glands which are acid are not digested, or why
the pancreatic juice, which is active in an alkaline medium, does not digest

the proteids of the pancreas itself, or why the gastric membrane of the

bloodless actinozoon or hydrozoon does not digest itself. "We might add, it

does not explain why the amoeba, while dissolving the protoplasm of the

swallowed diatom, does not dissolve its own protoplasm. We cannot

answer this question at all at present, any more than the similar one, why
the delicate protoplasm of the amceba resists during life all osmosis, while

a few moments after it is dead, osmotic effects become abundantly evident.

Sec. 3. The Muscular Mechanisms of Digestion.

From its entrance into the mouth until such remnant of it as is

undigested leaves the body, the food is continually subjected to move-

ments having for their object the trituration of the food as in masti-

cation, or its more complete mixture with the digestive juices, or its

forward progress through the alimentary canal. These various move-

ments may briefly be considered in detail.

1 Proc. Roy. Soc. xii. 386, 559.



Chap, l] DIGESTION. 225

Mastication. Of this it need only be said that in man it consists

chiefly of an up and down movement of the lower jaw, combined, in

the grinding action of the molar teeth, with a certain amount of lateral

and fore and aft movement. The lower jaw is raised by means of

the temporal masseter and internal pterygoid muscles. The slighter

effort of depression brings into action chiefly the digastric muscle,

though the mylohyoid and geniohyoid probably share in the matter.

Contraction of the external pterygoids pulls forward the condyles, and
thrusts the lower teeth in front of the upper. Contraction of the

pterygoids on one side will also throw the teeth on to the opposite

side. The lower horizontally placed fibres of the temporal serve to

retract the jaw.

During mastication the food is moved to and fro, and rolled about
by the movements of the tongue. These are eflected by the muscles

of that organ governed by the hypoglossal nerve.

The act of mastication is a voluntary one, guided, as are so many
voluntary acts, not only by muscular sense but also by contact sen-

sations. The motor fibres of the fifth cranial nerve convey motor
impulses from the brain to the muscles ; but paralysis of the sensory

fibres of the same nerve renders mastication difficult by depriving

the will of the aid of the usual sensations.

Deglutition. The food when sufficiently masticated is, by the

movements of the tongue, gathered up into a bolus on the middle of

the upper surface of that organ. The front of the tongue being

raised—partly by its intrinsic muscles, and partly by the stylo-

glossus—the bolus is thrust back between the tongue and the palate

through the anterior pillars of the fauces or isthmus faucium. Im-
mediately before it arrives there, the soft palate is raised by the

levator palati, and so brought to touch the posterior wall of the

pharynx, which, by the contraction of the upper margin of the

superior constrictor of the pharynx, bulges somewhat forward. The
elevation of the soft palate causes a distinct rise of pressure in the

nasal chambers; this can be shewn by introducing a water mano-
meter into one nostril, and closing the other just previous to

swallowing. By the contraction of the palato-pharyngeal muscles

which lie in the posterior pillars of the fauces, the curved edges of

those pillars are made straight, and thus tend to meet in the middle

line, the small gap between them being filled up by the uvula.

Through these manoeuvres, the entrance into the posterior nares is

blocked, while the soft palate forms a sloping roof, guiding the bolus

down the pharynx. By the contraction of the stylo-pharyngeus and
palato-pharyngeus, the funnel-shaped bag of the pharynx is brought

up to meet the descending morsel, very much as a glove may be
drawn up over the finger.

Meanwhile in the larynx, as shewn by the laryngoscope, the aryte-

noid cartilages and vocal cords are approximated : the latter being

also raised so that they come very near to the false vocal cords : the

F. P. 15
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cushion at tlie base of fhe epiglottis covers the rima glottidis, while

the epiglottis itself is depressed over the larynx. The thyroid

cartilage is now, by the action of the laryngeal muscles, suddenly

raised up behind the hyoid bone, and thus assists the epiglottis

to cover the glottis. This movement of the thyroid can easily

be felt on the outside. Thus, both the entrance into the posterior

nares and that into the larynx being closed, the impulse given

to the bolus by the tongue can have no other effect than to propel

it beneath the sloping soft palate, over the incline formed by
the root of the tongue and the epiglottis, into the grasp of the

constrictor muscles of the pharynx : the palato-glossi or constrictores

isthmi faucium, which lie in the anterior pillars of the fauces, by con-

tracting, close the door behind the food which has passed them. The
morsel being now within the reach of the constrictors of the pharynx,

these contract in sequence from above downwards, and thus neces-

sarily thrust the food into the oesophagus.

Deglutition therefore, though a continuous act, may be regarded

as divided into three stages. The first stage is the thrusting of the

food through the isthmus faucium ; this being a voluntary act, may
be either of long or short duration. The second stage is the passage

through the upper part of the pharynx. Here the food traverses a

region common both to the food and to respiration, and in consequence
the movement is as rapid as possible. The third stage is the descent

through the grasp of the constrictors. Here the food has passed the

respiratory orifice, and in consequence its passage may again become
comparatively slow.

The first stage in this complicated process is undoubtedly a

voluntary action ; the raising of the soft palate and the approximation

of the posterior pillars must also be in a measure voluntary, since

they were seen, in a case where the pharynx was laid bare by an
operation, to take place before the food had touched them^; but they
may take place without any exercise of the will or presence of con-

sciousness, and indeed the whole part of the act of deglutition which
follows upon the passing of the food through the anterior pillars of

the fauces must be regarded as a reflex act: though some of the

earlier component movements are, as it were, on the borderland

between the voluntary and involuntary kingdoms. The constricting

action of the constrictors on the other hand is purely reflex ; the will

has no power whatever over it; it cannot either originate, stop, or

modify it.

Deglutition as a whole is a reflex act and cannot take place unless

some stimulus be applied to the mucous membrane of the fauces.

When we voluntarily bring about swallowing movements with the

mouth empty, we supply the necessary stimulus by forcing with the

tongue a small quantity of saliva into the fauces, or by touching the

fauces with the tongue itself.

^ Briicke, Vorlcsungcn, i. p. 281.
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In the reflex act of deglutition the afferent impulses originated in

the fauces are carried up chiefly by the glosso-pharyngeal, but also

by branches of the fifth, and by the pharyngeal branches of the

superior laryngeal division of the vagus. The efferent impulses

descend the hypoglossal to the muscles of the tongue, and pass down
the glosso-pharyngeal, the vagus through the pharyngeal plexus, the

fifth and the facial, to the muscles of the fauces and pharynx : their

exact paths being as yet not fully known, and probably varying in

different animals. The laryngeal muscles are governed by the

laryngeal branches of the vagus.

The centre of the reflex act lies in the medulla oblongata. Deglu-

tition can be excited, by tickling the fauces, in an animal rendered

unconscious by removal of the brain, provided the medulla be left.

If the medulla be destroyed, deglutition is impossible. The centre

for deglutition lies higher up than that of respiration, so that the

former act is frequently impaired or rendered impossible while the

latter remains untouched. It is probable that, as is the case in so

many other reflex acts, the whole movement can be called forth by
stimuli affecting the centre directly, and not acting on the usual

afferent nerves.

As each successive segment of the pharyngeal constrictors con-

tracts in sequence from above downwards, the bolus is carried down
into the upper end of the oesophagus. Here it is subjected to the

influence of a peculiar muscular action known as 'peristaltic'

Since this kind of muscular action is, with local variations, charac-

teristic of the whole alimentary canal from the beginning of the

cesophagus to the end of the rectum, it will be of advantage to

disregard the strict topographical order of events, and to consider,

first of all, the movement in that part of the canal where it is com-
paratively simple in nature, and has been best studied : viz. in the

small intestine ; and afterwards to deal with the variations occurring

in particular places and under special circumstances.

Peristaltic action of the small Intestine. We have already seen,

in treating of unstriated muscular fibre (p. 82), that a stimulus applied

to any part of the small intestine gives rise to a circular contraction,

or contraction of the circular muscular coat, which travels lengthways

as a wave along the intestine, and also to a longitudinal contraction,

or contraction of the longitudinal coat, which similarly travels length-

Avays as a wave along the intestine. Since the circular coat is much
thicker than the longitudinal one, the circular wave is more power-
ful and more important than the longitudinal one ; the circular

coat has by far the greater share in propelling the food along

the intestine. It is obvious that a circular contraction travelling

down the intestine (and in the natural state of things it does

travel downwards, and not both upwards and downwards) must
drive the contents of the intestine onwards towards the csecum.

And practically when the intestines are watched after opening the

15—2
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abdomen, the contents are seen to be thus thrust onward by the

contraction of the circular coat. This onward movement of the food,

caused by the circular coat, may be assisted by the contraction of the

longitudinal coat. A longitudinal contraction, preceding at any spot

the circular contraction, will necessarily shorten, and so widen, the

segment of the intestine in which it takes place, and therefore facili-

tate the progress into that segment of the contents which are being

pressed into it by the circular contraction of the preceding segment.

Thus both forms of contraction tend to drive the food onward.' It is

probable, however, that they may occur independently; and it must
be remembered that both these kinds of contraction have as their

result, in the small intestine at least, not only the progress of the

digested food, but also the locomotion to a certain extent of the intes-

tine itself. When the abdomen is opened, what is seen is not so

much the onward progress of the contents of the canal as the con-

fused writhing of the intestines themselves. This arises from the

intestine being arranged in pendent loops, so that the impulse given

to the fluid contents reacts upon the tube itself, and causes locomo-

tion not only in the loop where contraction is taking place, but also

in preceding and following loops from which contents are drawn, or

into which they are driven. The longitudinal contractions occurring

and recurring in a loop cause peculiar oscillating movements of the

loop.

The movements, as we have said, take place from above down-
wards, and a wave beginning at the pylorus may be traced a long

way down. But contractions may, and in all probability occasionally

do, begin at various points along the length of the intestine. In the

living body the intestines have periods of rest, alternating with
periods of activity, the occurrence of the periods depending on va-

rious circumstances.

With regard to the causation of the peristaltic movements of the

intestine, this much may be affirmed. They may occur, as in a piece

of intestine cut out from the body, wholly independently of the

central nervous system. The only nervous elements which can be
regarded as essential to their development are the ganglia of

Auerbach or those of Meissner in the intestinal walls.

Thoiigh peristaltic movements can readily be excited by stimuli, applied

either to the outside, or, more especially, to the inside of the intestine, they

are probably at bottom automatic. The presence of food, especially of

food in motion, may at times act as a stimulus, and may in all cases be a
condition affecting the nature and extent of the movement; but cannot be
regarded as the real cause of the action. When any body is introduced

into the intestine, a contraction at first occurs, but soon passes off as the

intestine becomes accustomed to the presence of the body. There is no
reason why the intestine should not become equally accustomed to the

presence of food; and, as a matter of fact, peristaltic movements are often

absent when the intestines are full. The presence of food bears about the

same I'clation to the movements of the intestine, that the presence of blood
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bears to tlie beat of tbe beart, Botb are favouring but- not indispensable

conditions: in. both cases the action can go on without them. We may-

add that just as the tension of a muscle increases up to a certain extent the

amount of its contraction, and a full heart beats more strongly than an
emptj one, so distension of the intestine largely increases joeristaltic action.

Hence in cases of obstruction of the bowels, the movements, become dis-

tressing by their violence.

Among the cliief circumstances affecting peristaltic action may be
mentioned in the first place the condition of the blood, A lack of

oxygen or an excess of carbonic acid in the blood excites powerful
movements. This is well seen in asphyxia, and the post-mortem
peristaltic movements witnessed on opening a recently-killed animal,

are probably due to the deficiency of oxygen or the accumulation of

carbonic acid in the blood and tissues of the intestinal walls. Con-
versely, saturation of the blood with oxygen, as in the peculiar con-

dition known as apnoea (see chapter on Respiration), tends to check
peristaltic movements.

Judging from the analogy of the respiratory and other nervous centres

the effects should be attributed to variations in the quantity of oxygen
rather than of carbonic acid ; this however does not at present seem clearly

proved.

In the second place, peristaltic action is largely infl>uenced by ner-

vous influences passing along the splanchnic and vagus nerves. The
movements will go on after section of both these nerves ; but as a
general rule, while stimulation of the splanchnic tends to check ^, that

of the vagus tends to excite them. It is probably through the vagus
that peristaltic movements can be effected in a reflex manner, as in

that increase of the movements of the intestine in consequence of

emotions, which has given rise to the phrase ' my bowels yearned.'

It is generally stated that sudden stoppage of the blood-current excites

peristaltic action, the explanation given being that, as after general death,

there is an accumulation of carbonic acid and a lack of oxygen in the mtes-

tinal tissues. Van Braam Houckgeest^, however, states, on the contrary,

that it brings the intestine to rest ; and Nasse^ found that the injection of

arterial blood at a high pressure, caused very powerful movements. On
the other hand, exposure to air has been considered as an exciting cause of

the movements; and undoubtedly a very large amount of movement may
frequently be observed, on laying open the abdomen, even in animals
whose circulation is active. Since however the movements continue when
the body is immersed in weak sodium chloride solution and the intestine

thereby excluded from direct contact with air, they cannot be attributed to

mere exposure. If the splanchnic nerve be stimulated while active move-
ment is going on, the intestine is undoubtedly brought to rest. Since at

the same time the blood-vessels of the intestine are by the vaso-constrictor

action of the splanchnic constiicted^ the quiescence of the intestine may be

1 Pfliiger, Die Hemmungsnerven des Barms, 1857.
^ Pfliiger's Archiv, vi. (1872) 266.
•^ Beitr. z, Physiol, d. Darmbeivegungen, 1866.
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indirectly due to insufficient blood-supply \ Houckgeest liowever denies

this, on the ground that when by exposure to the air the blood-vessels of

the intestine are so far paralysed as to be no longer constricted by the

action of the splanchnic, quiescence of the intestine is still observed on
iiTitating that nerve. The splanchnic thus appears to be a dii-ect inhibitory

nerve as regards peristaltic action, while the vagus is luidoubtedly an
adjuvant or accelerator nerve. It is stated that after section of the

splanchnics peristaltic movements are more active and more readily brought

about by stimulation of the vagus than when the splanchnics are entire.

According to Ludwig", however, stimulation of the splanchnic, while it

stops an already-developed peristaltic action, will bring on the movement
when brought to bear on an intestine previously at rest.

When the vagus is stimulated, peristaltic contraction is seen to begin

at the pylorus of the stomach and so to descend along the intestine. It has

been stated that no so-called antiperistaltic action, that is, a wave of con-

traction passing upwards instead of downwards along the intestine, ever

occurs naturally in the intestine, the backward flow undoubtedly seen when
an obstruction exists being explained as being simply due to a central

retui'n ctirrent. When however the duodenum is mechanically stimulated

both a peristaltic and an antiperistaltic wave may be observed, the former

passing downward and ceasing at the ileo-ceecal valve if not before, the

latter passing up and ceasing at the pylorus. And when in tlie exposed
intestines a wave, as occasionally happens, begins spontaneously in the duo-

denum, it may sometimes be seen to pass both upwards and downwards.
It is worthy of notice that stimulation of the small intestine is said not to

cause movement either in the stomach or large intestine, and stimulation

of the large causes no movement of the small intestine, the ileo-csecal valve

and the pylorus barring the progress of the waves ^
Certain drugs, such as nicotin, (atropin, ergot,) induce strong peristaltic

action; the modus operandi of these and of the more specific purgative

drugs is at present uncertain.

Having thus studied the general characters of peristaltic action in

its most marked form, we may briefly consider the same movement
in other parts of the alimentary canal.

Movements of the (Esophagus. The descent of the food along

the oesophagus is effected by a peristaltic contraction of the circular

and longitudinal coats, resembling in its general characters that of

the intestine. It differs however in being more closely dependent on
the central nervous system, and may in fact be considered as being

in large measure a reflex act, with the centre in the medulla

oblongata, both afferent and efferent impulses being supplied by the

vagus. It may be readily excited by stimulating the central end of

the superior laryngeal nerve ; and this nerve, since it is connected by
its pharyngeal branch both with the mucous membralne of the pharynx

and with the lower pharyngeal constrictor, may serve to inaugurate the

oesophageal movement, by carrying afferent impulses started by the

1 Basch, Wien. Sitzungsbmcht, lxviii. (1873). ^ Lehrb. ii. p. GIG.
^ Eugelmann, Plluger's Arcliiv, iv. (1871) '6'6.
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presence of food in the pharynx or by the muscular act of swallowing.

Section of the trunk of the vagus renders difficult the passage of food

along the oesophagus, and stimulation of the peripheral stump
causes oesophageal contractions. Hence the motor tracts of the

reflex act are to he sought for in the vagus also. The force of this

movement is considerable ; thus Mosso^ found that in the dog a ball

pulling by means of a pulley against a weight of 250 grammes was
readily carried down from the pharynx to the stomach.

Mosso^ states that section and even removal of portions of the cbso-

pliagus do not prevent the progression of a peristaltic wave from the

pharynx to the stomach, provided the reflex machinery of the medulla be
intact. He argues in consequence that the natural movement in swallow-

ing is entirely carried on by the medulla as a reflex act. Nevertheless an
oesophagus according to his own account will when removed from the body,

and therefore entirely separated from any extrinsic nervous mechanism,
exhibit good peristaltic movements. The extrinsic central mechanism
therefore would seem only to be useful in perfecting a movement which in

its absence would be imperfect and inefficient.

Goltz^ has shewn that if in a xirarized frog fluid be poured down the

throat, both stomach and oesophagus will, after the first peristaltic move-
ments carrying down the first portions of fluid have passed away, remain
pei'fectly quiescent in an enormously distended condition (the contraction

of the pylorus preventing the descent of the fluid into the duodenum), so

long as the medulla oblongata and vagi are intact. Destruction of the

medulla or section of the vagi gives rise to the development of abundant

downward and upward peristaltic waves of contraction, by which the

stomach becomes wrinkled and the top of the oesophagus closed; and these

movements last as long as the irritability of the organs continues. During
the quiescence observed with intact wagi and medulla, temporary peristaltic

action may be induced by direct irritation of the vagus, or iu a reflex

manner through the medulla, by stimulation of the skin or intestine.

Chauveau* and Schiff' also saw occasional movements in the oesophagus

after section of the vagus. Goltz interprets his result by supposing that

the movements are primarily caused by local motor centres in the oesopha-

gus and stomach, habitually inhibited by the action of a centre in the

medulla. Hence when this inhibition is removed by destruction of the

medulla or section of the vagi, the energy of the local centres is free to act.

Stimulation of the skin or other distant spots produces movements by
depressing the medullary inhibitory centre. Stimulation of the vagus

probably produces movements by directly augmenting the local centres.

The junction of the oesophagus with the stomach remains in a

more or less permanent condition of tonic or obscurely rhythmic con-

traction, more particularly when the stomach is full of food, and thus

serves as a sphincter to prevent the return of food from the stomach

into the oesophagus.

1 Molesehott's Untersuch. xi. (1874) 327. ^ Lqc. cit.

3 Pfliiger's Archiv, vi. (1872), 616.
^ Journal de Physiologie, v. (1863) p. 337.
^ Legons sur la Physiologie de Digestion, p. 377.
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Movements of the Stomach- These are at bottom peristaltic in

nature, though largely modified by the peculiar arrangement of the

gastric muscular fibres. When food first enters the stomach, the

movements are feeble and slight, but as digestion goes on they

become more and more vigorous, giving rise to a sort of churning

within the stomach, the food travelling from the cardiac orifice along

the greater curvature to the pylorus, and returning by the lesser

curvature, while at the same time subsidiary currents tend to carry

the food which has been passing close to the mucous membrane
towards the middle of the stomach, and vice versa. At the pyloric

end strong circular contractions are set up, by which portions of food,

more especially the dissolved parts, but also^ small solid pieces, are

carried through the relaxed sphincter into the duodenum. As diges-

tion proceeds, more and more material leaves the stomach, which is

thus gradually emptied, the last portions which are carried through

being those matters which are least digestible, and foreign bodies

which happen to have been swallowed. The presence of food then

leads to the development of obscurely peristaltic rhythmic move-
ments, the stomach when empty being contracted, but quiescent;

but evidently it is not the mere mechanical repletion of the organ

which is the cause of the movements, since the stomach is fullest

at the beginning when the movements are slight, and becomes

empty as they grow more forcible. The one thing which does in-

crease pari passu with the movements is the acidity, which is at a

minimum when the (generally alkaline) food has been swallowed, and

increases steadily onwards. It has not however been definitely shewn
that the increasing acidity is the efficient stimulus, giving rise to the

movements.

The nervous mechanisra. of the gastric movements is very perplexing.

Judging from the analogy of the intestine, one would imagine that they

originated in the stomach itself, being modified but not directly caused

by the action of the central nervous system. Spontaneous movements,

however, of a stomach, whose nervous connections have been severed,

even of a full' one, are at least much more rare than those seen in the

intestine or even in the oesophagus ; and such movements as are occasioned

by local mechanical or other stimulation are limited in extent, and rarely

put on all the characters of the natural complex contractions. Since

there are abundant ganglia in the walls of the stomach, it may fairly

be doubted whether the automatic movements of the excised intestine are

due to the action of ganglia, otherwise why should not the ganglia in

the stomach set up spontaneous movements in that organ also"? For if

ganglia are par excellence the organs of automatic actions we should expect

spontaneous movements to accoujpany their presence.

The stomach receives its nervous supply from the vagi and also from

the solar plexus, with which the splanchnics are connected. When the

vagi are divided, a spasmodic constriction of the cardiac orifice takes place,

and food is thus prevented, for a time at least, from leaving the oesophagus.

^ Kiihne, Lelirh. i. 53.



Chap, i.] DIGESTION. 233

This result is in harmony with the observations of G-oltz on the frog. But
the natural movements of the stomach itself cease, though the introduction

of food after section of the vagi is said to cause some amount of contraction.

They may be induced by stimulation of the peripheral stumps of the vagi,

when the stomach is full, but not if it be empty. Neither section nor

stimulation of the splanchnics or of the branches from the solar plexus

produce, it is said, any effect on the stomach as far as its movements are

concerned. Evidently the movements of the stomach, far more than those

of the intestine, are dependent on and governed by the central nervous

system, but the exact manner in which they are governed, and the proper

share to be allotted to exciting and inhibitory mechanisms, remain yet to

be discovered. The sort of tonic contraction, into which the walls of the

stomach fall when its cavity is empty, does not occur in the intestine

;

and this feature probably modifies all the nervous working of the organ.

Nor do we know the exact mechanism by which the pyloric sphincter is

used to strain off gradually the more digested portions of the food. The
movements of even a full stomach are said by Busch' to cease during sleep.

lEovements of tlie large Intestine. These are fundamentally

the same as those of the small intestine, but distinct in so far as the

latter cease at the ileo-cascal valve, at which spot the former normally

begin.

They are said, however, not to be inhibited by stimulation of the

splanchnics ^

The faeces in their passage through the colon are lodged in the

sacculi during the pauses between the peristaltic waves. Arrived at

the sigmoid flexure, they are supported by the bladder and the

sacrum, so that they do not press on the sphincter ani.

Defsecation. This is a mixed act, being superficially the result

of an effort of the will, and yet carried out by means of an involuntary

mechanism. Part of the voluntary effort consists in producing a

pressure-effect, by means of the abdominal muscles. These are con-

tracted forcibly as in expiration, but the glottis being closed, and the

escape of air from the lungs prevented, the whole force of the pressure

is brought to bear on the abdomen itself, and so drives the contents

of the descending colon onward into the rectum. The sigmoid flexure

is by its position sheltered from this pressure ; a body introduced per

anum into the empty rectum is not affected by even forcible con-

tractions of the abdominal walls.

The anus is guarded by the sphincter ani, which is habitually in

a state of normal tonic contraction, capable of being increased or

diminished by a stimulus applied, either internally or externally, to

the anus. The tonic contraction is in part at least due to the action

of a nervous centre situated in the lumbar spinal cord^. If the

nervous connection of the sphincter with the spinal cord be broken,

relaxation takes place. If the spinal cord be divided in the dorsal

^ Virch. ArcMv, xrv. p. 166. ^ Pflxiger, op. cit. ; Nasse, op. cit.

3 Masius, Bull, de FAcad. Jt. de Belgique, xxiv. (1867), p. 312.
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region, tiie sphincter, after the depressing effect of the operation,

which may last several days, has passed off, still maintains its

tonicity, shewing that the centre is not placed higher up than the

lumbar region of the cord. The increased or diminished contraction

following on local stimulation is probably due to a reflex augmen-
tation or inhibition of the action of this centre. The centre is

also subject to influences proceeding from higher regions of the

cord, and from the brain. By the action of the will, by emotions, or

by other nervous events, the lumbar sphincter centre may be in-

hibited, and thus the sphincter itself relaxed ; or augmented, and
thus the sphincter tightened. A second item therefore of the volun-

tary process in defsecation is the inhibition of the lumbar sphincter

centre, and consequent relaxation of the sphincter muscle.

According to Goltz^, in the dog after division of the dorsal cord, and
consequent separation of the sphincter centre from the cerebrum, local

stimulation, such as the introduction of the finger, causes not a steady

increase or decrease of the action of the sphincter, but a rhythmic alternation

of tightening and relaxing. The absence of this rhythm with an intact cord

indicates some obscure action of the cerebral centres on the lumbar centre.

The conversion of the tonic into the rhythmic action also illustrates the

close relationship between these two kinds of movements.
Though the tonic contraction of the sphincter seems so largely dependent

on the lumbar centre, still this dependence is probably not an absolute one.

In the case of a man in whom as the result of injury the sacral nerves were
entii'ely paralysed, and the sphincter accordingly had no nervous con-

nection with the lumbar centre (unless there were a roundabout connection

by means of the sympathetic), Gower^ observed the maintenance of a certain

amount of tonic contraction which could be inhibited, and relaxation in-

duced, by stimulation of the mucous membrane of the rectum and aniis.

As in the case of the arteries, we have apparently to deal here with a tonic

contraction which is habitually dependent on a spinal centre, but which
may nevertheless exist without the action of that centre.

Since the lumbar centre is wholly efficient when separated from the

brain, the paralysis of the sphincter which occurs in certain cerebral

diseases is probably due to inhibition of this centre, and not to paralysis

of any cerebral centre.

Thus a voluntary contraction of the abdominal walls, accom-
panied by a relaxation of the sphincter, might press the contents of

the descending colon into the rectum and out at the anus. Since

however, as we have seen, the pressure of the abdominal walls is

warded off the sigmoid flexure, such a mode of defsecation would
always end in leaving the sigmoid flexure full. Hence the necessity

for these more or less voluntary acts being accompanied by an entirely

involuntary augmentation of the peristaltic action of the large intestine

and sigmoid flexure. Or rather, to describe matters in their proper

order, defsecation takes places in the following manner. The sigmoid

flexure and large intestine becoming more and more full, stronger

1 PflUger's ArcUv, viii. (1874), 460. ^ p^g^. Hoy. Soc. xxvi. (1877), p. 77.
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and stronger peristaltic action is excited in their walls. By this means
the faeces are driven against the sphincter. Through a voluntary

act, or sometimes at least by a simple reflex action, the lumbar
sphincter centre is inhibited and the sphincter relaxed. At the same
time the contraction of the abdominal muscles presses firmly on the

descending colon, and thus the contents of the rectum are ejected.

It must however be remembered that, while in appealing to our
own consciousness, the contraction of the abdominal walls and the

relaxation of the sphincter seem purely voluntary efforts, the whole
act of defsecation, including both of these seemingly so voluntary

components, may take place in the absence of consciousness, and
indeed, in the case of Goltz's dog^, after the complete severance of the

lumbar from the dorsal cord. In such cases the whole act must be
purely reflex, excited by the presence of faeces in the rectum.

Vomiting. In a conscious individual this act is preceded by
feelings of nausea, during which a copious flow of saliva into the
mouth takes place. This being swallowed carries down with it a
certain quantity of air, the presence of which in the stomach,

by assisting in the opening of the cardiac sphincter, subsequently
facilitates the discharge of the gastric contents. The nausea is

generally succeeded at first by ineffectual retching in which a deep
inspiratory effort is made, so that the diaphragm is thrust down as

low as possible against the stomach the lower ribs being at

the same time forcibly drawn in; since during this inspiratory

effort the glottis is kept closed, no air can enter into the lungs
;

but some is drawn into the pharynx, and thence probably descends

by a swallowing action into the stomach. In actual vomiting this

inspiratory effort is succeeded by a sudden violent expiratory

contraction of the abdominal walls, the glottis still being closed, so

that the whole force of the effort is sjDent, as in defaecation, in

pressure on the abdominal contents. The stomach is therefore

forcibly compressed from without. At the same time, or rather im-
mediately before the expiratory efi'ort, by a contraction of its longi-

tudinal fibres the oesophagus is shortened and the cardiac orifice

of the stomach brought close under the diaphragm, while apparently

by a contraction of the fibres which radiate from the end of the
oesophagus over the stomach, the cardiac orifice, which is normally
closed, is somewhat suddenly dilated. This dilation opens a way
for the contents of the stomach, which, pressed upon by the contrac-

tion of the abdomen, and to a certain but jDrobably only to a slight

extent by the contraction of the gastric walls, are driven forcibly

up the oesophagus, their passage along that channel being possibly

assisted by the contraction of the longitudinal muscles. The mouth
being widely open, and the neck stretched to afford as straight a

course as possible, the vomit is ejected from the body. At this

moment there is an additional expiratory effort which serves to pre-

1 Op. cit.
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vent the vomit passing into the larynx. In most cases too the

posterior j)illars of the fauces are approximated, in order to close

the nasal passage against the ascending stream. This however in-

severe vomiting is frequently ineffectual.

Thus in vomiting there are two distinct acts ; the dilation of

the cardiac orifice and the extrinsic pressure of the abdominal walls

in an expiratory effort. Without the former the latter, even when
distressingly vigorous, is ineffectual. Without the latter, as in

urari poisoning, the intrinsic movements of the stomach itself are

rarely sufficient to do more than eject gas, and, it may be, a very

small quantity of food or fluid. Pyrosis or waterbrash is probably

brought about by this intrinsic action of the stomach.

During vomiting the pylorus is generally closed, so that but

little material escapes into the duodenum. When the gall-bladder

is full, a copious flow of bile into the duodenum accompanies the act

of vomiting. Part of this may find its way into the stomach, as in

bilious vomiting, the pylorus then being evidently open.

The experiment of Majendie, shewing that vomiting can take place when
a simple bladder is substituted for the stomach, is said to fail unless the

cesophageal sphincter be removed or the dilating mechanism be left intact.

SchifF^ by introducing his finger through a gastric fistula, was able to

ascertain by direct touch, both the normal occlusion of the cardiac orifice,

broken only dviring the descent of food, and its sudden dilation just

preceding the expiratoiy pressure during vomiting. He found that when
the muscular fibres radiating from the oesophagus over the stomach were
injured, as by crushing them with a ligature forcibly applied for a few
seconds, the constriction of the cardiac orifice remained permanent; dila-

tion of the cardiac orifice, and in consequence vomiting, became imj)ossible.

He therefore regards the dilation as caused by the active contraction of

these fibres, and not as due to inhibition of the noi'mally contracted circular

fibres. In order tliat the contraction of the radiating fibres should cause

dilation, their ends distal from the oesophagus must be fixed. This is

provided by the stomach being supported by the descent of the diaphragm.

The support afibrded to the oesophagus by the diaphragm as it passes

through that muscle must also be of advantage, and the longer the portion

of oesophagus between the diaphragm and the stomach, the greater will be
the effect of the radiating muscles in pulling down the oesophagus instead

of dilating its orifice. This is possibly the reason why the horse and other

heibivorous animals vomit with such difficulty.

The nervous mechanism of vomiting is complicated and in many
aspects obscure. The eff"erent impulses which cause the expiratory

effort must come from the respiratory centre in the medulla ; with
these we shall deal in speaking of respiration. The dilation of the

cardiac orifice is caused, in part at least, by efferent impulses

descending'' the vagi, since when these are cut real vomitino^ with dis-

charge of the gastric contents is difficult, through want of readiness

in the dilation. The sympathetic abdominal nerves coming from

1 Moleschott's Untersuch. x. (1870) 353.
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the coeliac ganglia and tlie splanchnic nerves seem to have no share
in the matter. The efferent impulses which cause the flow of saliva

in the introductory nausea descend the facial along the chorda tym-
pani branch. These various impulses may best be considered as

starting from a vomiting centre in the medulla, having close relations

with the respiratory centre. This centre may be excited, may be
thrown into action, in a reflex manner, by stimuli applied to peri-

pheral nerves, as when vomiting is induced by tickling the fauces, or

by irritation of the gastric membrane, or by obstruction due to liga-

ture, hernia, etc., of the intestine. That the vomiting in the last

instance is due to nervous action, and not to any regurgitation of the
intestinal contents, is shewn by the fact that it will take place when
the intestine is perfectly empty and may be prevented by section of the
mesenteric nerves. The vomiting attending renal and biliary calculi

is apparently also reflex in origin. The centre however may be
affected directly, as probably in the cases of some poisons, and in

some instances of vomiting from disease of the medulla oblongata.

Lastly, it may be thrown into action by impulses reaching it from
parts of the brain higher up than itself, as in cases of vomiting
produced by smells, tastes and emotions, and by the memory of

past occasions, and in some cases of vomiting from cerebral disease.

Many emetics, such as tartar emetic, appear to act directly on
the centre, since they will produce vomiting not only when introduced
into the blood, but even when a bladder is substituted for the
stomach. Others again, such as mustard and water, act in a reflex

manner by irritation of the gastric mucous membrane. With others,

again, which cause vomiting by developing a nauseous taste, the
reflex action involves parts of the brain higher than the centre itself.

Since the vagus acts as an efferent nerve in causing the dilation of the
cardial orifice so essential to the act, it is difficult to eliminate the share
taken by the vagus as an afferent nerve carrying up imjDulses from the
stomach to the vomiting centre. The remai"kable fact that, by giving
tartar emetic, vomiting may in dogs be sometimes induced, even after section

of the vagi, shews that the dilation of the cardiac orifice, though, normally
effected through the vagus, may be carried out by means of some local

mechanism, and that the emetic may also stimulate that local mechanism
at the same time that it is affecting the general centre.

Sec. 4. The Changes which the Food undergoes in the Ali-
MENTAKT CaNAL.

Having studied the properties of the digestive juices, and the
various mechanisms by means of which the food is brought under
their influence, we have now to consider what, as matters of fact, are

the actual changes which the food does undergo in passing along the
alimentary canal, what are the steps by which the food is converted
into faeces.



238 CHANGES OF FOOD IN STOMACH. [Book ii.

In tlie mouth the presence of the food, assisted by the move-
ments of the jaw, causes, as we have seen, a flow of saliva. By
mastication, and by the addition of mucous sahva, the food is broken
into small pieces, moistened, and gathered into a convenient bolus

for deglutition. In man some of the starch is, even during the

short stay of the food in the mouth, converted into sugar ; for if

boiled starch free from sugar be even momentarily held in the

mouth, and then ejected into water (kept boiling to destroy the

ferment), it will be found to contain a decided amount of sugar. In
many animals no such change takes place. The viscid saliva of the

dog serves almost solely to assist in deglutition ; and even the longer

stay which food makes in the mouth of the horse is insufficient to

produce any marked conversion of the starch it may contain. During
the rapid transit through the cesophagUS no appreciable change
takes place.

In the stomach, the arrival of the food, the reaction of which is

either naturally alkaline, or is made alkaline, or at least is reduced

in acidity, by the addition of saliva, causes a flow of gastric juice.

This already commencing while the food is as yet in the mouth,
increases as the food accumulates in the stomach, and as, by the

churning gastric movements, unchanged particles are continually

being brought into contact with the mucous membrane. Hence
the reaction of the gastric contents becomes more and more dis-

tincjbly acid as digestion proceeds. The change of starch into sugar

is lessened or perhaps arrested. The fats themselves remain un-
changed ; but, through the conversion of proteids into peptone,

not only are the more distinctly proteid articles of food, such as

meat, broken up and dissolved, but the proteid framework, in

which the starch and fats are frequently imbedded, is loosened,

the starch-granules are set free, and the fats, melted for the most
part by the heat of the stomach, tend to run together in large drops,

which in turn are more or less apt to be broken up into an imperfect

emulsion. The collagenous tissues are dissolved; and hence the

natural bundles of meat and vegetables fall asunder; the muscular
fibre splits up into discs, and the protoplasm is dissolved from the

vegetable cells. While these changes are proceeding, the thick

turbid greyish liquid or chyme, formed by the imperfectly dissolved

food, is from time to time ejected through the pylorus, accompanied
by even large morsels of solid less-digested matter. This may occur

within a few minutes of food having been taken, but the larger

escape from the stomach probably does not begin till from one to

two, and lasts from four to five, hours after the meal, becoming
more rapid towards the end, such pieces as most resist the gastric

juice being the last to leave the stomach.

In the presence of healthy gastric juice, and in the absence of

any nervous interference, the question of the digestibility of any
food is determined chiefly by mechanical conditions. The more
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finely divided tlie material, and the less the proteid constituents are

sheltered by not easily soluble envelopes, such as those of cellulose, the

more rapid the solution. So also pieces of hard-boiled egg, which
have to be gradually dissolved from the outside, are less easily

digested than the more friable muscular fibre, the repeated transverse

cleavage of which increases the surface exposed to the juice. Unboiled
white of Qgg again, unless thoroughly beaten up and mixed with air,

is less digestible than the same boiled. The unboiled white forms a

viscid clotted mass, of low diffusibility, into which the juice permeates

with the greatest difficulty. And so with other instances. Beyond
this mechanical aspect of digestibility, it is to be remembered that

different substances may differently affect the gastric membrane, pro-

moting or checking the secretion of the juice. Hence a substance, the

mass of which is readily dissolved by gastric juice, and which offers

no mechanical obstacles to digestion, may yet prove indigestible by
so affecting the gastric membrane through some special constituent

(or possibly in other ways) as to inhibit the secretion of the juice.

That substances can be absorbed from the cavity of the stomach
into the circulation is proved by the fact that food when introduced

disappears very largely from the stomach of an animal, the pylorus of

which has been ligatured. But we cannot speak with certainty as to

what extent in ordinary life gastric absorption takes place, or by
what mechanism it is carried out. The presumption is, that the

diffusible sugars and peptone pass by osmosis direct into the capilla-

ries, and so into the gastric veins. The filtrate of chyme taken from
a stomach in full digestion contains parapeptone, but scarcely any
peptone. From this it may fairly be inferred that the peptone has

been absorbed.

In the act of swallowing, no inconsiderable quantity of air is

carried down into the stomach, entangled in the saliva, or in the

food. This is returned in eructations. When the gas of eructation

or that obtained directly from the stomach is examined, it is found

to consist chiefly of nitrogen and carbonic acid, the oxygen of the

atmospheric air having been largely absorded. In most cases the

carbonic acid is derived by simple diffusion from the blood, or from
the tissues of the stomach, which similarly take up the oxygen. In
many cases of flatulency, however, it may arise from a fermentative

decomposition of the sugar which has been taken as such in food, or

which has been produced from the starch.

In the latter case, however, hydrogen ought also to make its appeai"-

ance ; thus CgHj^^ = 2 CgHgOg (lactic acid) = C^HgO^ (butyric acid)

+ 2 CO, + H^, whereas hydrogen has only been found in the small in-

testine. In the dog. Planer^ found in the stomach after a meat diet a

small amount of gas of the composition CO 25*20, N 68'68, O 6-12,

after a meal of bread, CO' 32-91, N 66-30, O -79.

The enormous quantity of gas which is discharged through the mouth
in cases of hysterical flatulency, even on a perfectly empty stomach, and

^ Wien. Sitzungsberichte, slii. p. 307.
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which seems to consist largely of carbonic acid, presents difficulties in the

way of explanation; it is possible that it may be simply diffused from the

blood.

In the small intestine, the semi-digested acid food, or chyme,
as it passes over the biliary orifice, causes gushes of bile, and at the

same time, as we have seen (p. 216), the pancreatic juice, which
flowed freely into the intestine at the taking of the meal, is secreted

again with renewed vigour, when the gastric digestion is completed.

These two alkaline fluids tend to neutralize the acidity of the chyme,
but the contents of the duodenum do not become distinctly alkaline

until some distance from the pylorus is reached. Even in the lower

part of the ileum the chyme may be acid^; possibly however in such
eases it has been reacidified. The conversion of starch into sugar,

which may have languished in the stomach, is resumed with great

activity by the pancreatic juice, though portions of undigested starch

may be found in the large intestine and even at times in the faeces.

We have seen that the pancreatic juice emulsifies fats, and also

splits them into their respective fatty acids and glycerine, and that

the bile is able to a certain extent to saponify the free fatty acids.

It also appears that the slight emulsifying power of the bile is much
increased by the presence of soaps ; and as a matter of fact the bile

and pancreatic juice do largely emulsify the contents of the small in-

testine, so that the greyish turbid chyme is changed into a creamy-
looking fluid, which has been called chyle. It is advisable however
to reserve this name for the contents of the lacteals. To what extent

saponification does take place is not known. Undoubtedly soaps

have to a small extent been found both in portal blood and in the
thoracic duct after a meal ; but there is no proof that any large

quantity of fat is introduced in this form into the circulation ; on the
other hand, the presence of neutral fats, both in portal blood, and
especially in the lacteals, is a conspicuous result of the digestion of

fatty matters ; and in all probability saponification in the intestine is

a subsidiary and unimportant process.

Much dispute has arisen on the question, how far the presence
either of the bile or of the pancreatic juice, or of both, in the intestine

is necessary for the digestion and absorption of fatty food. That the
pancreatic juice does produce in the intestine such a change as

favours the transference of neutral fats from the intestine into the
lacteals is shewn by an observation, first made by Bernard. If a
rabbit be killed a few hours after taking a meal rich in fat, and the
abdomen opened, the lacteals running in the mesentery attached to

the twelve inches or so of duodenum which in this animal intervene
between the pylorus and the opening of the pancreatic duct, will

hardly be visible to the naked eye on account of their transparency,
whereas below the orifice of the duct they will be most conspicuous,
on account of the fat which they contain. Above the pancreatic duct

1 Losnitzer, Heule and Meissuer's BericJtt, 1864, p. 2oO.
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the contents of the intestine are subject to the action of the bile, yet
very little absorption of fat takes place; below the duct, the
bile is aided by the pancreatic juice, and absorption of fat at once
begins. Again, in disease of the pancreas, much fatty food frequently

passes through the intestine undigested. On the other hand, in cases

where all the pancreatic ducts have been ligatured, and there has
been no reason to think that pancreatic juice to any amount has
entered the intestine, fat may be present in the lacteals. In such
cases the subsidiary pancreatic structures existing in the duodenal
walls cannot be seriously supposed to have any effect, and in con-

sequence the digestion of the fat must be referred to the bile. That
the bile is of use in the digestion of fat is shewn by the prevalence of

fatty stools in cases of obstruction of the bile-ducts, and though the

operation of ligaturing the bile-ducts, and leading all the bile ex-

ternally through a biliary fistula, is open to objection, since it so

exhausts the animal as indirectly to affect digestion, still the results

of Bidder and Schmidt, in which the resorption of fat was distinctly

lessened (the quantity of fat in the lacteals falling from 32 to "02 p. c.)

by the ligature and fistula, obviously point to the same conclusion.

Thus while the view that the bile alone, or the view that the pancre-

atic juice alone, is the agent in the digestion of fat, is contradicted by
facts, the conflicting experiments are reconciled in the conclusion that

both help towards the same end, the one agent possibly being more
useful than the other in different animals ; a conclusion which is in

harmony with the properties of the juices, as seen when studied out

of the body, and which is supported by the observation of Busch, in a

case where the duodenum opened on the surface by a fistula in such

a way that the lower part of the intestine could be kept free from the

contents of the upper part containing the bile and pancreatic juice.

Fats introduced into the lower part, where they could not be acted

upon either by the bile or by the pancreatic juice, were but slightly

digested. The succus entericus, or any other alkaline albuminous
fluid, may have slight emulsifying power, but insufficient to meet the

needs of the economy.
We have seen that bile, when added to a digesting mixture,

precipitates parapeptone. The chyme as it issues from the pylorus

contains undigested material and parapeptone with little or no pep-

tone. We should expect this to be precipitated by the bile ; and as a

matter of fact we find the inner surface of the small intestine coated

with a granular deposit, quite similar to the precipitate just men-
tioned. The object of this precipitation is at present unknown, un-

less it be to hinder the too rapid passage of the semi-digested liquids

along the intestine. We have seen that bile, while it stops gastric

digestion, favours rather than hinders the pancreatic digestion of

proteids. As a matter of fact, since the contents of the stomach

as they issue from the pylorus consist very largely of undigested

proteids, these must be digested by the pancreatic juice, with or

without the assistance of the succus entericus, since the pepsin of the

F. P. 16
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gastric juice is either precipitated by the bile, or rendered inert by
the increasing alkalinity of the intestinal contents. To what stage

the pancreatic digestion is carried, whether peptone is chiefly

formed, and when formed at once absorbed, or to what extent the
pancreatic juice in the body, as out of the body, carries on its work
in the more destructive form, whereby the proteid material subjected

to it is broken down largely into leucin and tyrosin, is at present not
exactly known. Leucin and tyrosin are found in the intestinal con-

tents, and are therefore formed during normal digestion, but whether
a large quantity or a small quantity of the proteid material of food

is thus hurried into a crystalline form cannot be definitely stated.

Possibly where large quantities of proteids are taken at a meal, the
excess is at once got rid of by this form of so-called ' luxus consump-
tion;' and possibly also, in the intestine as in the laboratory, this

pancreatic digestion of proteids in excess is accompanied by a con-
siderable development of bacteria and other organized bodies, which
create trouble by inducing fermentative changes in the accompany-
ing saccharine constituents of the chyme.

That fermentative changes do occur in the small intestine is indicated

by the fact that the gas present there does contain free hydrogen. Planer^
found the gas from the small intestine of a dog fed on a meat diet to

consist of CO^ 40-1, H 13-86, N 45-52, with only a trace of oxygen. In a
dog fed on vegetable diet the composition of the gas was CO^ 47-34,

H 48-69, N 3-97. Chyme after removal from the intestine continues at the
temperature of the body to produce carbonic acid and hydrogen in equal
volumes. As was stated above (p. 239), during butyric acid fermentation
from sugar, carbonic acid and hydrogen are involved in equal volumes.
These facts suggest the way in which the carbo-hydrate constituents of food
may become converted into fat, for by this butyric acid fermentation the
sugar is converted into a member of the fatty acid series; and it is at least

within the bounds of possibility that, by fermentative changes of some sort

or other, the lower members of the series may be raised to tlie higher. But
did butyric acid fermentations occur largely in the intestine we should expect
to find a lai'ge quantity of free hydrogen excreted by the bowel or lungs. As
a matter of fact it is excreted in small quantities only or not at all. Hence,
unless we suppose that the evolved hydrogen is rapidly brought back again
into a state of combination, we must regard butyric acid fermentation as

slight and unimportant. Indeed the quantity of gas on which Planer
worked was small. It is probable however that a considerable quantity of

sugar is converted by fermentative changes into lactic acid, since this acid

is found in increasing quantities as the food descends the intestine.

Thus during its transit through the small intestine, by the action

of the bile and pancreatic juice assisted j^ossibly to some extent by
the succus entericu.s, the proteids are largely dissolved and converted

into peptone and other products, the starch is changed into sugar,

the sugar possibly being in part further converted into lactic acid,

and the fats arc largely emulsified, and to some extent saponified.

1 Op. cit.
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These products, as they are formed, pass into either the lacteals or

the portal blood-vessels, so that the contents of the small intestine,

by the time they reach the ileo-csecal valve, are largely but by no
means wholly deprived of their nutritious constituents. As far as

water is concerned, the secretion into the small intestine is about
equal to the absorption from it, so that the intestinal contents at the

end of the ileum, though much more broken up, are about as fluid as

in the duodenum.

In. the large intestine, the contents become once more distinctly

acid. This, however, is not caused by any acid secretion from the
mucous membrane ; the reaction of the intestinal walls in the large

as in the small intestine is alkaline. It must therefore arise from
acid fermentations going on in the contents themselves ; as indeed is

shewn by the composition of the gases which make their appearance
in this portion of the alimentary canal. In carnivora the contents of

the cEecum are said to be alk aline \ and naturally the amount of

fermentation will depend largely on the nature of the food.

Ruge^ found the gas of the large intestine, collected per anum, to have
the following composition

:

Mixed diet.
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In the faeces there are found in the first place the indigestible

and undigested constituents of the meal : shreds of elastic tissue,

much cellulose from vegetable, and some connective tissue from

animal food, fragments of disintegrated muscular fibre, fat cells, and

not unfrequently undigested starch-corpuscles. The amount of each

must of course vary very largely, according to the nature of the food,

and the digestive powers, temporary or permanent, of the individual.

In the second place, to these must be added substances, not introduced

as food, but arising as part of, or as products of, the digestive secre-

tions. The fseces contain a ferment similar to pepsin, and an amy-
lolytic ferment similar to that of saliva or pancreatic juice. They
also contain mucus in variable amount, sometimes albumin, choles-

terin, butyric and other fatty acids, lime and magnesia soaps, excretin

(a non-nitrogenous crystalline body, containing sulphur, obtained by
Marcet), and salts, especially those of magnesia. Cholalic acid (and

dyslysin) are found in very small quantities only, thus indicating that

the bile-salts have been in part at least destroyed (they may have

been in part reabsorbed, see p. 223), the less stable taurocholic acid

(of the dog) disaj)pearing more readily than the glycocholic acid (of

the cow). The fact that the fseces become 'clay-coloured' when the

bile is cut off from the intestine shews that the bile-pigment is at

least the mother of the fsecal ]3igment. We have already seen that

during artificial pancreatic digestion, a distinctly fsecal odour due to

the presence of indol is generated; and the fact that the presence of

bacteria, or other similar organisms, is essential to the production of

this body, does not preclude the possibility of it, with its derivatives,

being the chief cause of the natural odour of faces, for undoubtedly

bacteria may exist throughout the whole length of the intestinal

canal. At the same time it is quite possible, if not probable, that

specific odoriferous substances may be secreted directly from the

intestinal wall, especially from that of the large intestine.

Sec. 5. Absoeption of the Products of Digestioist.

"We have seen that absorption does, or at least may, take place
from the stomach. We have also stated that a large absorption,

especially of water, occurs along the whole large intestine.

Absorption from the large intestine after injection per anum or tlirougli

a fistula has been observed not only in the case of sohible peptone and
sugai-, but also in that of starch, white of egg, and casein; but the exact

changes undergone by the latter previous to absorption are unknown'.

Nevertheless the largest and most important part of the digested

material passes away from the canal, during the transit of food along
the small intestine, partly into the lacteals, partly into the portal

vessels.

1 Bauer, Zeitschft. f. Biol. v. 536.
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Digestion being, broadly speaking, the conversion of non-difFusible

proteids and starch into highly diifusible peptone and sugar, and the
emulsifying, or division into minute particles, of various fats, it is

natural to suppose that the diffusible peptone and sugar pass by
osmosis into the blood-vessels, and that the emulsified fats pass into

the lacteals. That the great mass of the fat which enters the body
from the intestine does pass through the lacteals, there can be no
doubt; and there can be but little doubt that a considerable quantity

of j)eptone and sugar does pass into the portal blood. But we are

unable to say at present how far the fat in its difficult passage into

the lacteal is accomjjanied by soluble peptone and sugar, and by less

diffusible forms of proteids arising as subsidiary products of proteo-

lytic digestion.

Characters of Chyle. In a fasting animal the contents of the

thoracic duct are clear and transparent; shortly after a- meal they
become milky and opaque, the change being entirely due to a
difference in the quantity of the fluid brough-t to the duct by the

lacteals, that fluid also being, as seen by inspection of the mesentery,

transparent during fasting, and becoming milky and opaque after a

meal, especially after one containing much fat. The contents of the

thoracic duct therefore after a meal may be taken as illustrative of

the nature of the chyle present in the lacteals, though strictly

speaking the chyle of the thoracic duct is mixed with lymph coming
from the. rest of the body. During fasting the contents of the lac-

teals agree in their general character with lymph obtained from
other structures.

The contents of the thoracic duct may be obtained by laying bare the

junction of the subclavian and jugular veins and introducing a cannula into

the duct as it enters into the venous system at that point. The operation

is not unattended with difficulties.

Chyle obtained from the thoracic duct, after a meal, is a white

milky-looking fluid, which after its escape coagulates, forming a not

very firm clot. The nature of the coagulation seems to be exactly

the same as that of blood. On standing, the surface of the clot

becomes pink, even though no blood be artificially mixed with the

chyle during the operation ; the colour is due to immature red

corpuscles proper to the chyle. Examined microscopically, the chyle

consists of fibrin, a large number of white corpuscles, a small number
of developing red corpuscles, an abundance of oil-globules of various

sizes but all small, and a quantity of finely granular material fatty in

nature, the so-called 'molecular basis.' Each oil-globule is invested

with an albuminous envelope; this may be dissolved by the aid of

alkalis, whereupon the globules run together. The fibrin and white

corpuscles are very scanty (and the red corpuscles entirely absent) in

lymph or chyle taken from peripheral vessels; but they increase in

quantity as the lymph passes through the lymphatic glands.

The composition of chyle varies considerably not only in different
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animals but in the same animal at different times. The average
percentage of solids may perhaps be put down as about 9, that of

proteid material as about 4 or 5, and that of fat as about 3 or 4, the
remainder being extractives and salts. The fats occur chiejOiy in

the form of neutral salts, though some soaps or fatty acids are

present.

The percentages of solid matters vary in the different analyses from 3

to 11, of proteids from 2 to 7, of fats from less than 1 to 4\ The proteids

consist chiefly of serum-albtimin, with a globulin or alkali-albumin preci-

pitable by acids, and a vai'iable but small quantity of fibrin. Among the

extractives have been found sugar, urea, and leucin; cholesterin is also

frequently present in considei-able quantity. Since these extractives are

found in lymph as well as chyle they cannot be regarded as derived ex-

clusively from the intestinal contents. The amount of peptone is very small

indeed. The gas which can be extracted from chyle or lymph consists

almost entirely of carbonic acid there being only a small quantity of nitro-

gen, and no satisfactory evidence of the presence of any free oxygen at all.

Hammarsten'' obtained fi'om the 100 vols, of lymph of the dog about 1*5

(1'17)' vols, nitrogen, and about 53 {40*36) vols, carbonic acid. The
ash is remarkable for the abundance of sodium chloride and the scantiness

of phosphates. Iron is present in greater quantity than can be accounted

for by the presence of red corpuecles.

The nature of the fat is supposed to vary with that of the food,

but this has not been conclusively shewn.

The lymj)h taken from the duct during fasting differs chiefly

from that taken after a meal, in the much smaller quantity of fat,

the microscope shewing white corpuscles with very few oil-globules,

and in the almost entire absence of the molecular basis. Lymph in

fact is, broadly speaking, blood miiius its red corpuscles, and chyle is

lymph plus a very large quantity of minutely divided neutral fat.

It has been calculated that a quantity equal to that of the whole
blood may pass through the thoracic duct in 24 hours, and of this it

is supposed that about half comes from food through the lacteals and
the remainder from the body at large; but these calculations are

based on uncertain data.

Entrance of the Chyle into the Lacteals. The lacteal begins as

a club-shaped (or bifurcate) lymphatic space lying in the centre of

the villus, and connected with the smaller lymphatic spaces of the

adenoid tissue around it; it opens below into the submucous lym-

phatic plexus from which the lacteal vessels spring. The adenoid

tissue of the surrounding crypts of Lieberkiihn is by its lymphatic

spaces connected with the same lymphatic plexus. That the finely-

divided fat does pass from the intestine, through the e23ithelial enve-

1 Cf. Hensen, Pflliger's Archiv, x. (1875) p. 94,

2 Lnclwig's Arheiten, 1871, p. 121.

3 The larger figures are the measurements obtained at 0" C. and a pressure of

700 mm. mercury, the smaller figures in brackets the measurements according to the

prevalent German method at 0'^ C. and 1 metre of mercury pressure.



Chap, i.] DIGESTION. 247

lope of the villus, into the adenoid tissue, and so into the lacteal

chamber, is certain, but much discussion has arisen as to the exact

mechanism of the transit. The passage is probably assisted by the

movements of the intestine, though even in the contractions of strong

peristaltic movements the pressure within the intestine is never very

great. Of more obvious use is the contraction of the villus itself. The
longitudinal muscular fibre-cells, in contracting, pull down the villus

on itself; the contents of the lacteal chamber are thus forced into the

underlying lymphatic plexus. When the fibre-cells relax, the empty
lacteal chamber is expanded; the chyle cannot flow back from the

lymphatic channels, by reason of the valves present in them, and in

consequence the lacteal chamber is filled from the substance of the

villus, and thus the entrance into the villus of material from the

intestine is facilitated. The villus in fact acts as a kind of muscular
suction-pump.

After a meal the epithelium cells of the villus are found crowded with
fat. Since the striation of the hyaline border of the cells is not due to

pores, as was once thought, the particles must have entered into the cells

very much as foreign particles enter the body of an amoeba. The epithe-

lium may in fact he said to eat the fat. Since the (frequently) branched

and protoplasmic base of the cell is in intimate connection with the spaces

of the adenoid tissue of the villus, the fat could more readily pass from the

cell in this direction than from the intestuie into the cell. There would
thus he a stream of fatty particles through the cell from without inwards, a

stream in the causation of which the cell took an active part. In fact,

under this view, absorption by the cell might be regarded as a sort of

inverted secretion, the cell taking much material from the chyme and
secreting it, with little or no change, into the villus. The observations of

Watney^ have led him to believe that the fat passes not through but

between the epithelium-cells, being taken up by the inter-epithelial pro-

cesses of the pecuHar ejiithelioid cells described by him, the epithelium-cells

themselves therefore having no active share in absorption. It is difficult

on this view however to explain the almost unanimous opinion of previous

observers, that the fat may be seen in the substance of the cell itself, though
"Watney argues that particles of fat adheiing to the outside of the cell have
been erroneously supposed to be really within the ceUs.

Briicke" observed that after a meal of milk, the contents of the villus

after death were loaded Avith a granular deposit of proteid nature, and of an
acid reaction. He infers from this that together with the fat there passes

into the villus a quantity of the proteid material of food in the form of

alkali-albumin, precipitable by weak acids; and argues from this and other

facts that a considerable quantity of the proteids of food tlius obtains en-

trance into the blood without sulfering the change into peptone.

Movements of the Chyle. Having reached the lymphatic channels

the onward progress of the chyle is determined by a variety of cir-

cumstances. Putting aside the pumping action of the villi, the same
events which cause the movement of the lymph generally, also

1 Vroe. Eolj. Soc. xxii. (1874) 293, xxiv. (1876) 241.
2 Wien. Sitzungsberichte, xsxtii. lix.
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further the flow of the chyle; and these are briefly as follows. In
the first place, the widespread presence of valves in the lymphatic

vessels causes every pressure exerted on the tissues in which they

lie, to assist in the propulsion forward of the lymph. Hence all

muscular movements increase the flow. If a cannula be inserted in

one of the larger lymphatic trunks of the limb of a dog, the discharge

of lymph from the cannula will be more distinctly increased by move-
ments, even passive movements, of the limb than by anything

else. In addition to the valves along the course of the vessels,

the embouchement of the thoracic duct into the venous system is

guarded by a valve, so that every escape of lymph or chyle from the

duct into the veins becomes itself a help to the flow. In the second

place, considering the whole lymphatic system as a set of branching

tubes passing from the extra-vascular regions just outside the small

arteries, veins and capillaries, to the large venous trunks, it is

obvious that the mean pressure of the blood in the subclavian vein,

at its junction with the jugular,, must be considerably less than that

of the lymph in the lymphatic spaces around the small blood-ves-

sels, even if we suppose the pressure in the tissues outside the small

blood-vessels to be distinctly less than that of the blood within

the same vessels. In other words, there is a distinct fall of pressure

in passing from the beginning to the end of the lymphatics; this of

course would alone cause a continuous flow. Further, this flow

caused by the lowness of the mean venous pressure at the sub-

clavian will be assisted at every respiratory movement, since at

every inspiration the pressure in the venous trunks becomes nega-

tive, and thus lymph will be sucked in from the thoracic duct, while

the increase of pressure in the great veins during expiration is warded
off from the duct by the valve at its opening. In the third place, the

flow may be increased by rhythmical contractions of the muscular
walls of the lymphatics themselves ; but this is doubtful, since it is

not clear whether the rhythmic variations seen by Heller^ in the me-
sentery of the guinea-pig were active or simply passive, i.e. caused by
the rhythmic peristaltic action of the intestine, each contraction of the

intestine filling the lymph-channels more fully. Lastly, it is quite

open for us to suppose that just as osmosis may give rise to increased

pressure on one side of a diffusion septum, so the diffusion of sub-

stances from the intestines into the lacteals, or from the tissues into

the lymphatics, may be itself one of the causes of the flow of lymph.
We have at least, under all circumstances, one or other of these

causes at work promoting a continual flow from the lymphatic
roots to the great veins. We have no very satisfactory evidence

that the flow of lymph is in any way directly governed by the

nervous system.

In frogs and some other animals the centripetal flow of lymph from the

limbs is assisted by rhythmically pulsating muscular lymph-hearts.

1 Cht. Med. Wlss. 1869, p. 545.
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The observations of Paschutin^ and Emmingliaus^ failed to shew any-

direct connection between the nervous system and the lymph-flow. Sec-

tion of the sciatic, leading to arterial dilation and consequent increased

pressure in the capillaries and small veins, had very little effect, whereas

ligature of the veins led to a very marked increase. Active movements of

the limb, caused by stimulation of the sciatic, produced no greater flow than

did passive movements. Goltz* has recorded an interesting observation,

bearing on the influence of the nervous system on absorption. Of two
urarized frogs, the brain and spinal cord of one are destroyed, but in the

other are left intact. Both animals are suspended by the lower jaw
;

chloride of sodium solution ("75 per cent.) is pouired into the dorsal lym-

phatic sacs of both ; and in both the aorta is cut across. In the one where
the nervous system is intact, absorption from the lymphatic sac takes place

copiously, and the heart pumps out large quantities of fluid by the aorta.

In the other absorption does not occur; the heart, though beating, remains
empty, and the skin becomes dry. The result however shews rather the

influence of the nervous system in maintaining the tonicity of the blood-

vessels and keeping up the connection of the heart with the peripheral

vessels, than any distinct connection between absorption proper and the

nervous system. When the nervous system is destroyed, dilation of the

splanchnic vascular area causes all the blood to remain stagnant in the

portal vessels, so that little or none reaches the heart. So long as the

nervous system is still intact this stagnation does not occur, and the blood

reaches the heart; as the blood is pumped away its place is renewed by the
lymph, supjDiied by the fluid in the sac, and thus the heart may be made
for a long time to pump away the fluid poured into the sac. Still, though
we cannot prove any direct connection between the nervous system and
absorption, the phenomena of disease render such a connection at least

probable.

Thus tlie digested contents of the intestine paSs into the blood
either directly by the portal system or indirectly by means of the

lymphatics. It cannot be a matter of indifference which course is

taken by the particular digestive products ; for in the latter case,

they pass into the general blood-current with only such changes as

they may undergo in the lymphatic system, while in the former they
are subjected to the powerful influences of the liver before they find

their way to the right side of the heart. What those influences are

we shall study in a future chapter.

As was stated above, the great mass of the digested (^. e.

emulsified) fat passes into the lacteals. Since however the portal

blood during digestion contains more fat than the general venous
blood, some of the fats must pass through into the portal capillaries.

The portal blood, moreover, during digestion contains a small but ap-

preciable quantity of soaps. Neither in the portal blood, nor in the

chyle, nor in the general blood during digestion, is there any appreci-

able quantity of peptone. Of course the quantity of peptone passing

into the portal blood at any one moment might be small, and yet

1 Ludwig's Arbeiten, 1872, p. 197. ^ Ibid. 1873, p. 51.
3 pfliiger's Archiv, v. (1872) p. 53.
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a considerable quantity might so pass during the hours of digestion.

That which did pass, moreover, might be immediately converted back
again into another form of proteid ; and Plosz and Gyergyai^ have
shewn that peptone injected carefully into a vein disappears from the

blood, though little or even none passes out by the kidney. Hence
the failure to find peptone in the blood is an insufficient argument
that peptone is not formed during natural digestion. Did the

peptone pass with the fats into the chyle, one would expect to find

it in the thoracic duct, though here also a reconversion into native

proteid might befall it in its transit through the lacteals. It

must therefore be left uncertain what becomes of the peptone formed
during digestion, and which way it travels. We know, however, that

artificially-formed peptone is available for nutrition; thus Plosz^ and
Plosz and Gyergyai^ found that dogs fed on peptone and non-nitro-

genous food actually put on flesh and gained weight. The chyle

contains no large amount of sugar, and though sugar may undoubt-
edly be found after amylaceous meals in the portal blood, we are nc^t

at present in a position to say whether sugar is absorbed chiefly by
the portal system or chiefly by the lacteals, still less can we decide

whether all or even a large part of the carbo-hydrates taken as food

enter the blood as sugar, or whether the fermentative changes spoken
of above are carried on in at all a large scale.

When a solution of sugar is injected into an empty isolated loop of

intestine a large quantity disappears, withoiit the contents of the loop

becoming acid*. In such a case it may fairly be infeiTed that the sugar is

directly absorbed without undergoing any change. And where sugar is

introduced in large quantities into the alimentary canal, the percentage of

sugar in the blood may be temporarily increased; to such an extent indeed

that sugar may appear in the urine ^ But neither of these facts pi'ove that

the sugar of an ordinary meal, passing as it does along the intestine with

the other portions of the food, and products of digestion, and appearing as

it does in most cases in comparatively small quantities at a time from the

more or less gradual conversion of the starch of the meal, is similarly ab-

sorbed unchanged; while in order that the marked acidity of the contents

of the lower intestine should be kept up, a considerable quantity of sugar

must suffer lactic acid fermentation, if the acidity be due as stated to lactic

acid.

Absorption by diflfiisiou. It is evident, from the discussion just

concluded, that simple diffusion is far from explaining the whole

transit of the digested food from the intestine into the blood. Part

of the digestive products, viz. the fats, are not diffusible, and with re-

gard to the diffusible peptone and sugar, it is uncertain whether they

pass by simple diffusion through the membrane formed by the epi-

thelium of the alimentary mucous membrane, the thin capillary walls

and the adenoid tissue existing between the epithelium and the capil-

1 Pfliiger's ArcMv, x. (1875) 536. 2 j^i^i j^. (1874) 325. 3 Op. at.
4 Funke, Lchrh. Tjth Aufi. i. p. 235.
5 C. Schmidt und v. Becker quoted in Fuuke, Op. cit. p. 236.
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lary, or whether they accompany the fats and enter the lacteals by a

way which, whatever it be, is not one of simple diffusion. Moreover,

the fact that unchanged fat makes its way into the portal blood,

though we are ignorant of the mechanism by which this is effected,

shews that the entrance of material directly into the blood, as dis-

tinguished from its passage into the lacteals, is not simply a matter

of diffusion. Nevertheless, it must not be supposed that the great

and general property of diffusion does not make itself felt in the pro-

cess of absorption, however much it may, in the case of various sub-

stances, be subordinated and held in check by more potent influences.

Thus the passage of water from the alimentary cavity into the blood,

or from the blood into the alimentary cavity, and the behaviour of

various inorganic salts, when taken as food or medicine, illustrate

very clearly the influence of osmosis. When the intestine contains a

large quantity of watery matter, the surplus water passes by diffusion

into the blood, just as it passes through the membrane of a dialyser

with blood, or serous fluid on the one side, and water on the other.

When an albuminous fluid of the specific gravity of blood-serum is

exposed in a dialyser to water, about 200 parts of water pass through

the membrane of the dialyser from the water into the albuminous

fluid for every one part of albumin which passes from the fluid into

the water. Moreover, in the living body, the blood in the mesenteric

capillary, thus diluted by diffusion from the intestinal contents, is

continually being replaced by fresh blood concentrated by its passage

through the skin, lung, or kidney. By the help of the circulation an
almost unlimited quantity of water can be absorbed from the alimen-

tary canal.

It is a matter of common experience that such inorganic and
organic salts as are readily diffusible, pass with great rapidity into

the blood (and thus into the urine) when taken by the mouth ; and
the rapidity with which they are absorbed is in large measure pro-

portionate to their diffusibility. Of course, coincident with this pas-

sage of the salt from the intestine into the blood, there is a propor-

tionate current of water in the contrary direction from the blood into

the intestine ; but this, though opposed to, is, under ordinary circum-

stances, too small to diminish to any serious extent the passage of

water from the intestine into the blood, of which we spoke just now,

as caused by the osmotic influence of the albuminous constituents of

the blood. But, under certain circumstances, the former may over-

come the latter. Thus, when a concentrated solution of a highly dif-

fusible salt, such as magnesium sulphate, is introduced into the ali-

mentai-y canal, the flow of water from the blood into the intestine

accompanying the osmotic transit of the salt from the intestine into

the blood, is so great as largely to exceed the current in the contrary

direction; and the intestine becomes filled with water at the expense

of the blood. This is probably the cause of the purgative action of

large doses of many saline matters. And even the purgative action

of more dilute solutions may be exjDlained in the same way, since in
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the case of some salts at least the transit of water as compared to the

transit of the salt is relatively more rapid with very dilute solutions

than with more concentrated solutions. Salts such as these, which,

when introduced into the intestine, produce diarrhoea, bring about

a contrary condition Avhen injected directly into the blood ; and
magnesium suljjhate, with its higher endosmotic equivalent, is more
purgative in its action than sodium chloride with its lower equivalent.

Our knowledge of the physiology of digestion is the accumulated gain

of many labours, some dating back from very old times. To Keaiimur,

Spallanzani, Tiedemann and Gmelin, Eberle (who first obtained artificial

digestion with gastric mucus and an acid), Prout, Schwann (wlio first intro-

duced the idea oi pepsin^, though "VVasmann fir^st obtained it in a compara-

tively pure state), Berzelius and other chemists, we owe much. The obser-

vations of Dr Beaumont^, carried on by means of the accidental gastric

fistula of Alexis St Martin, not only added largely to our positive know-
ledge, but were also of great indirect use as indicating a method of investi-

gation which has since proved so fruitful. The labours of Bidder and
Schmidt^ and Frerichs* were of great value. The publication of Bernard's

work on pancreatic juice^ marked a distinct step in advance; but of far

greater importance was the same illustrious physiologist's discovery of the

A'aso-motor action of the sympathetic, see p. 179, followed up as that was by
Ludwig's demonstration'^ of the secretory activity of the chorda tympani,

and enlarged, as this has been in turn, as well by the laboui's of Ludwig
and his school, as by those of Bernard, Eckhard, Wittich, Heidenhain and
others. To the importance of Heidenhain's later observations we have
called attention in the text. The proofs offered by Corvisart^, and amplified

by Kiihne", of the proteolytic action of the pancreatic juice opened out a

line of inquuy of great importance, which is as yet far from being ex-

hausted.

1 Miiller's Archiv, 1836,, p. 90.
2 Exps. and Ohs. on the Gastric Juice and Phys. of Digestion. Boston, U. S.

1834.
^ Die Verdauungssdfte, &c. 1852.
4 Art. ' Verdauung,' Wagner's Handw'drterbuch, 1846.
5 Mem. sur I. Pancreas, 1856.
« Zt. f. Puit. Med. N. P. I. p. 255, 1851.
~ Sur line Fonctimi peu connuc du Pancreas, 1857,
» Vii'chow's Archiv, xxxis. (1867) p. 130,



CHAPTER II.

THE TISSUES AND MECHANISMS OF EESPIRATION.

We have already seen (Introduction, p. 3) that one particular item
of the body's income, viz. oxygen, is peculiarly associated with one
particular item of the body's waste, viz. carbonic acid, the means
which are applied for the introduction of the former being also used
for the getting rid of the latter. Both are gases, and in consequence
the ingress of the one as well as the egress of the other is far more
dependent on the simple physical process of diffusion than any on
active vital processes carried on by means of tissues. Oxygen passes

from the air into the blood mainly by diffusion, and mainly by diffu-

sion also from the blood into the tissues ; in the same way carbonic

acid passes mainly by diffusion from the tissues into the blood, and
from the blood into the air. Whereas, as we have seen, in the secre-

tion of the digestive juices the epithelium-cell plays an all-important

part, in respiration the entrance of oxygen from the lungs into the
blood, and from the blood into the tissue, and the passage of carbonic

acid in the contrary direction, are affected, if at all, in a wholly sub-

ordinate manner, by the behaviour of the pulmonary, or of the capil-

lary epithelium. What we have to deal with in respiration then is

not so much the vital activities of any particular tissue, as the various

mechanisms by which a rapid interchange between the air and the

blood is effected, the means by which the blood is enabled to carry

oxygen and carbonic acid to and from the tissues, and the manner in

which the several tissues take oxygen from and give carbonic acid

up to the blood. We have reasons for thinking that oxygen can be
taken into the blood, not only from the lungs, but also from the skin,

and, as we have seen, occasionally from the alimentary canal also; and
carbonic acid certainly passes away from the skin, and through the

various secretions, as well as by the lungs. Still the lungs are so

eminently the channel of the interchange of gases between the body
and the air, that in dealing at the present with respiration, we shall

confine ourselves entirely to pulmonary respiration, leaving the con-

sideration of the subsidiary respiratory processes till we come to study
the secretions of which they respectively form part.
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Sec. 1. The MECHA^"ICS of Pulmonary Respieation.

The lungs are placed, in a semi-distended state, in the air-tight

thorax, the cavity of ^Yhich they, together with the heart, great blood-

vessels and other organs, completely fill. By the contraction of cer-

tain muscles the cavity of the thorax is enlarged ; in consequence the

pressure of the air within the lungs becomes less than that of the air

outside the body, and this difference of pressure causes a rush of air

through the trachea into the lungs until an equilibrium of pressure

is established between the air inside and that outside the lungs.

This constitutes inspiration. Upon the relaxation of the inspiratory

muscles (the muscles whose contraction has brought about the

thoracic expansion), the elasticity of the chest-walls and lungs, aided

by the contraction of certain muscles and other circumstances, cause's

the chest to return to its original size or even to become smaller;

in consequence of this the pressure within the lungs now becomes

greater than that outside, and thus air rushes out of the trachea until

equilibrium is once more established. This constitutes expiration
;

the inspiratory and expiratory act together forming a respiration.

The fresh air introduced into the upper part of the jDulmonary

passages by the inspiratory movement contains more ox3ro-en and
less carbonic acid than the old air previously present in the lungs.

By diffusion the new or tidal air, as it is frequently called, gives up its

oxygen to, and takes carbonic acid from the old or stationary air, and

thus when it leaves the chest in expiration has been the means of

both introducing oxygen into the chest and of removing carbonic

acid from it. In this way, by the ebb and flow of the tidal air, and

by diffusion between it and the stationary air, the air in the lungs is

being constantly renewed through the alternate expansion and con-

traction of the chest.

In ordinary respiration, the expansion of the chest never reaches

its maximum; by more forcible muscular contraction, by what is

called laboured inspiration, an additional thoracic expansion can be

brought about, leading to the inrush of a certain additional quantity

of air before equilibrium is established. This additional quantity is

often spoken of as complemental air. In the same way in ordinary-

respiration, the contraction of the chest never reaches its maximum.
By caUing into use additional muscles, by a laboured expiration, an
additional quantity of air, the so-called reserve or supplemental air,

may be driven out. But even after the most forcible expiration, a

considerable quantity of air, the residual air, still remains in the

lungs. The natural condition of the lungs in the chest is in fact one

of partial distension. The elastic pulmonary tissue is always to a

certain extent on the stretch ; it is always, so to speak, striving to

pull asunder the pulmonary from the parietal pleura ; but tliis it

cannot do, because the air can have no access to the pleural cavity.
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When however the chest ceases to be air-tight, •when by a puncture
of the chest-wall or diaphragm, air is introduced into the pleural

chamber, the elasticity of the lungs pulls the pulmonary away from
the parietal pleura, and the lungs collapse, driving out by the windpipe
a considerable quantity of the residual air. Even then, however, the
lungs are not completely emptied, some air still remaining in the air-

cells and passages. It need hardly be added that when the pleura is

punctured, and air can gain free admittance from the exterior into the
pleural chamber, the effect of the respiratory movements is simply
to drive air in and out of that chamber, instead of in and out of

the lung. There is in consequence no renewal of the air within the
lungs under those circumstances.

In man the pressure exerted by the elasticity of the lungs alone amounts
to about 5 mm. of mercury. This is estimated by tying a manometer into

the windpipe of a dead subject and observing the rise of mercury which
takes place when the chest-walls are punctured. If the chest be forcibly

distended beforehand, a much larger rise of the mercury, amounting to

30 mm. in the case of a distension corresponding to a very forcible inspira-

tion, is observed. In the living body this mechanical elastic force of the

lungs is assisted by the contraction of the plain muscular fibres of the

bronchi; the pressure however which can be exerted by these probably
does not exceed 1 or 2 mm.

When a manometer is introduced into a lateral opening of the windpipe
of an animal, the mercuiy will fall, indicating a negative pressure as it is

called, during inspiration, and rise, indicating a positive pressure, during
exph-ation, the former or negative pressure amounting to about 3 mm., and
the latter or positive pressure to 2 mm. of mercury. When a manometer
is fitted with air-tight closure into the mouth, or better, in order to avoid

the suction-action of the mouth, into one nostril, the other nostril and the

mouth being closed, and efforts of inspiration and expiration are made, the

mercury falls or undergoes negative pressure with inspiration, and rises, or

undergoes positive pressure duiing expiration. Donders foimd in this way
that the negative pressure of a strong inspiratory effort varied from 30 to

74: mm., while the positive pressure of a strong expiration varied from 62

to 100 mm.

The total amount of air which can be given out by the most forci-

ble expiration following upon a most forcible inspiration, that is, the

sum of the complemental, tidal and reserve airs, was called by
Hutchinson "the vital capacity;" "extreme differential capacity" is a

better phrase. It may be measured by a modification of a gas-meter
called a spirometer. The medium vital capacity may be put down at

3—4000 cc. (200 to 250 cubic inches).

Independent of other causes of variation, Hutchinson found the vital

capacity to be decidedly dependent on stature, the taller persons havhig the

greater capacity.

Of the whole measure of vital capacity, about 500 cc. (30 c. inch)

may be put down as the average amount of tidal air, the remainder
being nearly equally divided between the complemental and reserve
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airs. The quantity left in the lungs after the deepest expiration

amounts to about 1400—2000 cc.

Since the respiratory movements are so easily affected by various

circumstances, the simple fact of attention being directed to the breathing

being sufficient to cause modifications, both of the rate and depth of the
respiration, it becomes very difficult to fix the volume of an average breath.

Thus various authors have given figures varying from 53 cc. to 792 cc.

The statement made above is that given by Vierordt as the mean of obser-

vations varying from 177 to 699 cc.

The Rhythm of Eespiration. If the movements of the column
of tidal air, or the movements of expansion and contraction, or the fall

and rise of the diaphragm, be registered, some such curve as that

represented in Fig. 38 is obtained.

Fig. 38. Tracing of Thobacic Eespieatoet Movements obtained by means of
Maeey's Pneumogkaph. (To be read from left to right.)

A whole respiratory phase is comprised between a and a; inspiration, during which
the lever descends, extending from a to h, and expiration from b to a. The
undulations at c are caused by the heart's beat.

The movements of the column of air may be recorded by introducing a

T piece into the trachea, one cross piece being left open or connected

with a piece of indiai-ubber tubing open at the end, and the other connected

with a Marey's tambour or Avith a receiver which in turn is connected

with a tambour, Fig. 39. The movements of the column of air in the

trachea are transmitted to the tambour, the consequent expansions and
contractions of which are transmitted by means of a lever resting on it to

the recording drum. The movements of the chest-walls may be recorded

by means of the recording stethometer of Burden Sanderson'. This con-

sists of a rectangular framework constructed of two rigid parallel bai's joined

at right angles to a cross piece. The free ends of the bars, the distance

between which can be regulated at pleasure, are armed, the one with a
tambour the other simply with an ivory button. The tambour also bears on
the metal plate of its membrane (Fig. 23 «i', p. 117) a small ivory button

(in place of the lever shewn in Fig.. 23). When it is desired to record the

changes occurring in any diameter of the chest, e. g. an antero-posterior

diameter from a point in the back to a point in the sternum, the instrument

is made to encircle the chest somewhat after the fashion of a pair of calli-

pers, the ivory button at one free end being placed on the spine of a verte-

1 Ildh. Phys. Lab. p. 291.
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Fig. 39. Appaeatus foe taking Teacings of the Movements of the
Column of Aie in Eespibation.

The recording apparatus shewn is the ordinary cylinder recording apparatus. The
cyhnder A covered -R-ith smoked paper is by means of the friction-plate B put into

revolution by the spring clock-work in C regulated by Foucault's regulator D. By
means of the screw E, the cylinder can be raised or lowered, and by means of the

screw F its speed may be increased or diminished.

The tracheotomy tube t fixed in the trachea of an animal is connected by india-

rubber tubing a with a glass T piece inserted into the large jar G. From the other

end of the T piece proceeds a second piece of tubing h, the end of which can be either

closed or partially obstructed at pleasure by means of the screw clamp c. From the

jar proceeds a third piece of tubing fZ, connected with a Marey's tambour m (see

Fig. 23, p. 117), the lever of which I writes on the recording surface. When the tube
h is open the animal breathes freely throiTgh this, and the movements in the air of

G and consequently in the tambour are slight. On closing the clamp c, the animal
breathes only the air contained in the jar, and the movements of the lever of the
tambour become consequently much more marked.

Below the lever is seen a small time-marker n connected with an electromagnet, the
cui'rent through which coming from a battery by the wires x and y is made and broken
by a clock-work or metronome.

bra behind and the tambour at the other on the sternum in front in the

line of the diameter which is being studied. The distance between the

free ends of the instrument being carefully adjusted so that the button of

the tambour presses slightly on the sternvim, any variations in the length of

the diameter in question will, since the framework of the tambour is

immobile, give rise to variations of pressure within the tambour. These
variations of the "receiving" tambour as it is called are conveyed by a
flexible tube containing air to a second or "recording" tambour similar to

that shewn in Fig. 23, the lever of which records the variations on a
travelling surface. For the purpose of measuring the extent of the move-
ments the instrument must be experimentally graduated. In Marey's
pneumograph, a long elastic chamber is ixsed as a pectoral girdle. When
the chest expands, the girdle is elongated, and the air within it rarefied,

and the lever of the tambour connected with it depressed; and conversely,

when the chest contracts, the lever is elevated. The pneumograph of

Pick is somewhat similar. The movements of the diaphragm may be
registered by means of a needle, which is thrust through the sternum
so as to rest on the diaphragm, the head of the needle being connected

with a levari

It is seen that in Fig. 88 inspiration begins somewhat suddenly
and advances rapidly, that expiration succeeds inspiration immedi-
ately, advancing at first rapidly, but afterwards more and more slowly,

and that such pauses as are seen occur between the end of expiration

and the beginning of inspiration. In normal breathing, hardly any
pause is observed between the extreme end of expiration and the

beginning of inspiration, but in cases where the respiration becomes
infrequent, pauses of considerable length may be observed.

In what may be considered as normal breathing, the respiratory

act is repeated about 17 times a minute; and the duration of the

inspiration as compared with that of the expiration and such pause
as exists is about as ten to twelve.

1 See Hdb. Physiol. Laborat. p. 295.
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The rate of the respiratory rhytlim varies very largely, and in this as

in the volume it is very difficult to fix a satisfactory average. While
Hutchinson places it at 20 a minute, Vierordt puts it at 11 '9, and Funke
at 13 "5. The frequency is greater in children than in adults, but rises

again somewhat after 30 years of age. Quetelet gives the rate of respira-

tion of newborn infants at 44 ; from 1 to 5 yeai's, 26, from 25 to 30, 16,

from 30 to 50, 18-1 per minute. The rate is influenced by the position o£

the body, being quicker in standing than in lying, and in lying than in

sitting. Muscular exertion and emotional conditions affect it deeply. In

fact, almost eveiy event which occurs in the body may influence it. We
shall have to consider in detail hereafter the manner in which this influ-

ence is brought to bear.

When the ordinary respn-atory movements prove insufficient to

effect the necessary changes in the blood, their rhythm and character

become changed. Normal respiration gives place to labom^ed respi-

ration, and this in turn to dyspnoea, which, unless some restorative

event occurs, terminates in asphyxia. These abnormal conditions we
shall study more fully hereafter.

The Respiratory Movements.

When the movements of the chest during normal breathing are

watched, it is seen that during respiration an enlargement takes

place in the antero-posterior diameter, the sternum being thrown

forwards, and at the same time moving upward. The lateral width

of the chest is also increased. The vertical increase of the cavity is

not so obvious from the outside, though when the movements of the

diaphragm are watched by means of an inserted needle, the upper

surface of that organ is seen to descend at each inspiration, the

anterior walls of the abdomen bulging out at the same time. In the

female human subject, the movement of the upper part of the chest

is very conspicuous, the breast rising and falling with every respira-

tion ; in the male, however, the movements are almost entirely con-

fined to the lower part of the chest. In laboured respiration all

parts of the chest are alternately expanded and contracted, the

breast rising and falling as well in the male as in the female.

We have now to consider these several movements in greater

detail, and to study the means by which they are carried out.

Inspiration. There are two chief means by which the chest is

enlarged in normal inspiration, viz. the descent of the diaphragm
and the elevation of the ribs. The former causes that movement in

the lower part of the chest and abdomen so characteristic of male

breathing, which is called diaphragmatic ; the latter causes the move-
ment of the upper chest characteristic of female breathing, which is

called costal. These two main factors are assisted by less important

and subsidiary events.

The descent of the diaphragm is effected by means of the con-

traction of its m-uscular fibres. When at rest the diaphragm

17—2
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presents a convex surface to the thorax ; when contracted it

becomes much flatter, and in consequence the level of the chest-

floor is lowered, the vertical diameter of the chest being pro-

portionately enlarged. In descending, the diaphragm presses on the

abdominal viscera, and so causes a projection of the flaccid abdo-

minal walls. From its attachments to the sternum and the false

ribs, the diaphragm, while contracting, naturally tends to pull the

sternum and the upper false ribs downwards and inwards, and the

lower false ribs upwards and inwards, towards the lumbar spine. In

normal breathing, this tendency produces little effect, being counter-

acted by the accompanying general costal elevation, and by certain

special muscles to be mentioned presently. In forced inspiration

however, and especially where there is any obstruction to the

entrance of air in the lungs, the lower ribs may be so much
drawn in by the contraction of the diaphragm, that the girth of

the trunk at this point is obviously diminished.

The elevation of the ribs is a much more complex matter than

the descent of the diaphragm. If we examine any one rib, such as

the fifth, and observe that while it moves freely on its vertebral arti-

culation, it descends when in t*he position of rest in an oblique

direction from the spine to the sternum, it is obvious that when the

rib is raised, its sternal attachment must not only be carried upward,

but also thrown forwards. The rib may in fact be regarded as a

radius, moving on the vertebral articulation as a centre, and causing

the sternal attachment to describe an arc of a circle in the vertical

plane of the body ; as the rib is carried upwards from an oblique to

a more horizontal position, the sternal attachment must of necessity

be carried farther away in front of the spine. Since all the ribs have

a downward slanting direction, they must all tend, ,
when raised

towards the horizontal position, to thrust the sternum forward,

some more than others according to their slope and length. The
elasticity of the sternum and costal cartilages, together with the

articulation of the sternum to the clavicle above, permit the front

surface of the chest to be thus thrust forwards as well as upwards,

when the ribs are raised. By this action, the antero-posterior dia-

meter of the chest is enlarged.

According to A. Ransome, the forward movement of the tipper ribs is

so great that it can only be accounted for by a concomitant straightening of

the ribs.

Since the ribs form arches which increase in their sweep as one

proceeds from the first downwards as far at least as the seventh, it is

evident that when a lower rib such as the fifth is elevated so as to

occupy or to approach towards the position of the one above it,

the chest at that level will become Avider from side to side,

in proportion as the fifth arch is wider than the fourth. Thus
the elevation of the rib increases not only the antero-posterior but

also the transverse diameter of the chest. Further, on account
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of tlie resistance of the sternum, tKe angles between the ribs and
their cartilages are, in the elevation of the ribs, somewhat opened
out, and thus also the transverse as well as the antero-posterior

diameter somewhat increased. In several ways, then, the elevation

of the ribs enlarges the dimensions of the chest.

The ribs are raised by the contraction of certain muscles. Of
these the external intercostals are the most important. Even in the

case of two isolated ribs such as the fifth and sixth, the contraction

of the external intercostal muscle of the intervening space raises the

two ribs, thus bringing them towards the position in which the fibres

of the muscle have the shortest length, viz. the horizontal one. This

elevating action is further favoured by the fact that the first rib is

less moveable than the second, and so affords a comparatively fixed

base for the action of the muscles between the two, the second in

turn supporting the third and so on, while the scaleni muscles in

addition serve tO' render fixed, or to raise, the first two ribs.

So that in normal respiration, the act begins probably by a con-

traction of the scaleni. The first two ribs being thus fixed, the con-

traction of the series of intercostal muscles acts to the greatest advan-

tage. From the direction and attachments of their fibres, those

portions of the internal intercostal muscles which lie between the

sternal cartilages of the upper seven ribs, also seem calculated to

raise the ribs by their contractions ; and direct observation, as far as

it goes, is in favour of their possessing such an action. Whether the

rest of the internal intercostals can be considered as elevators of the

ribs is more than doubtful.

In the well-known model invented by Bernoulli and adopted by Ham-
berger, consisting of two rigid bars, representing the ribs, moving vertically

by means of tlieir articulations with an upright representing the spme and
connected at their free ends by a piece representing the sternum, it is

undoubtedly true that stretched elastic bands attached to- the bars in such

a way as to represent respectively the external and internal intercostals,

viz. sloping in the one case downwards and forwards and in the other

downwards and backwards, do, on being left free to contract, in the former

case elevate and in the latter depress the ribs.

Such a model however does not fahly represent the natural conditions

of the ribs, which are not straight and rigid, but peculiai'ly curved and of

varying elasticity, capable moreover of rotation on their own axes, and
having their movements determined by the characters of their vertebral

articulations. On the other hand, the absence of the external muscles in

front and the internal behmd seems to point to their both acting towards

the same end, and the experiments of Duchenne, though not conclusive,

support the view that the internal act as elevators along their whole course.

The mechanical conditions are in the case of these muscles so complex,

and the deduction of their actions from simple mechanical principles so

exceedingly difficult and dangerous, and the want of direct exact empirical

knowledge so great, that it must at present be left an open question,

whether the internal intercostals, or at least certain parts of them, are

inspiratory or expiratory or in a certain sense neither. Haller may be



262 MECHANICS OF RESPIRATION. [Book ii.

regarded as the leader of those who regard them as inspiratory, while

Hamberger was the first who successfully advocated the perhaps more

commonly adopted view that those parts of the intercostals which lie

between the osseous ribs act as depi^essors, and must in consequence be

regarded as expiratory.

Next in importance to tlie external intercostals come tlie levatores

costarum, which, though small muscles, are able, from the nearness

of their costal insertions to the fulcrum, to produce considerable

movement of the sternal ends of the ribs. The external intercostals

and the levatores costarum with the scaleni may fairly be said to be

the elevators of the ribs, i. e. the chief muscles of costal inspiration in

normal breathing.

Additional space in the transverse diameter is afforded probably by the

rotation of the ribs on an antero-posterior axis; but this movement is

quite subsidiary and unimportant. When the chest is at rest, the ribs are

somewhat inclined with their lower borders directed inwards as well as

downwards. When they are drawn up by the action of the intercostal

muscles, their lower borders are everted. Thus their flat sides are pre-

sented to the thoracic cavity, which, is thereby slightly increased in width.

Laboured Inspiration. When respiration becomes laboured,

other muscles are brought into play. The scaleni are strongly

contracted, so as to raise or at least give a very fixed support

to the first and secqud ribs. In the same way the serratus

posticus superior, which descends from the fixed spine in the lower

cervical and upper dorsal regions to the second, third, fourth and

fifth ribs, by its contractions raises those ribs. In laboured breathing

a function of the lower false ribs, not very noticeable in easy breath-

ing, comes into play. They are depressed, retracted, and fixed, there-

by giving increased support to the diaphragm, and directing the

whole energies of that muscle to the vertical enlargement of the

chest. In this way the serratus posticus inferior, which passes upward

from the lumbar aponeurosis to the last four ribs, by depressing and

fixing those ribs becomes an adjuvant inspiratory muscle. The
quadratus lumborum and lower portions of the sacro-lumbalis may
have a similar function.

All these muscles may come into action even in breathing which,

deeper than usual, can hardly perhaps be called laboured. When
however the need for greater inspiratory efforts becomes urgent, all

the muscles which can, from any fixed point, act in enlarging the

chest, come into play. Thus the arms and shoulder being fixed, the

serratus magnus passing from the scapula to the middle of the first

eight or nine ribs, the pectoralis minor passing from the coracoid to

the front parts of the third, fourth, and fifth ribs, the pectoralis major

passing from the humerus to the costal cartilages, from the second to

the sixth, and that portion of the latissimus dorsi which passes from

the humerus to the last three ribs, all serve to elevate the ribs and

thus to enlarge the chest. The sterno-mastoid and other muscles
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passing from the neck to the sternum, are also called into action. In
fact, every muscle which by its contraction can either elevate the

ribs or contribute to the fixed support of muscles which do elevate

the ribs, such as the trapezius, levator anguli scapulee and rhomboidei

by fixing the scapula, may, in the inspiratory efforts which accompany
dyspnoea, be brought into play.

Expiration. In normal easy breathing, expiration is in the

main a simple etfect of elastic reaction. By the inspiratory effort the

elastic tissue of the lungs is put on the stretch; so long as the inspira-

tory muscles continue contracting, the tissue remains stretched, but
directly those muscles relax, the elasticity of the lungs comes into

play and drives out a portion of the air contained in them. Similarly

the elastic sternum and costal cartilages are by the elevation of the

ribs put on the stretch : they are driven into a position which is

unnatural to them. When the intercostal and other elevator muscles

cease to contract, the elasticity of the sternum and costal cartilages

causes them to return to their previous position, thus depressing the

ribs, and diminishing the dimensions of the chest. When the dia-

phragm descends, in pushing down the abdominal viscera, it puts the

abdominal walls on the stretch ; and hence, when at the end of inspi-

ration the diaphragm relaxes, the abdominal walls return to their

place, and by pressing on the abdominal viscera, push the diaphragm
up again into its position of rest. Expiration then is, in the main,

simple elastic reaction ; but it is obvioas that since external work
has been effected by the respiratory act, viz. the movement of the

column of air, the reaction of expiration must fall short of the action

of inspiration ; there must be some, though it may be a very slight,

additional expenditure of energy to bring the chest completely to its

former condition. This is, as we have seen, supposed by many to be
afforded by the internal intercostals acting as depressors of the ribs.

If these do not act in this way, we may suppose that the elastic

return of the abdominal walls is accompanied and assisted by a con-

traction of the abdominal muscles. The triangularis sterni, the effect

of whose contraction is to pull down the costal cartilages, may also

be regarded as an expiratory muscle.

When expiration becomes laboured, the abdominal muscles
become important expiratory agents. By pressing on the contents

of the abdomen, they thrust them and the diaphragm up into the

chest, the vertical diameter of which is thereby lessened, and by pull-

ing down the sternum and the middle and lower ribs they lessen also

the cavity of the chest in its antero-posterior and transverse

diameters. They are in fact the chief expiratory muscles, though
they are doubtless assisted by the serratus posticus inferior and
portions of the sacro-lumbalis, since when the diaphragm is not con-

tracting, the depression of the lower ribs which the contraction of

these muscles causes, serves only to narrow the chest. As expiration

becomes more and more forced, every muscle in the body which can
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either by contracting depress the ribs, or press on the abdominal

viscera, or afford fixed support to muscles having those actions, is

called into play.

Facial and Laryngeal Respiration. The thoracic respiratory

movements are accompanied by associated respiratory movements of other

parts of the body, more particularly of the face and of the glottis.

In normal healthy respiration the current of air which passes in and

out of the lungs, travels, not through the mouth but through the nose,

viz., chiefly through the lower nasal meatus. The ingoing air, by exposui'e

to the vascular mucous membrane of the narrow and winding nasal pas-

sages, is more efficiently warmed than it would be if it passed through the

month; and at the same time the mouth is thereby protected from the

desiccating effect of the continual inroad of comparatively dry air.

During each inspiratory effort the nostrils are expanded, probably by
the action of the dilatores naris, and thus the entrance of air facilitated.

The return to their previous condition during expiration is effected by the

elasticity of the nasal cartilages, assisted perhaps by the compressores nai-is.

This movement of the nostrils, perceptible in many people, even during

tranquil breathing, becomes very obvious, in laboured respiration.

When the mouth is closed,, the soft palate which is held somewhat
tense, is swayed by the respiratory current, but entirely in a passive man-
ner, and it is not until the larynx is reached by the ingoing air that any
active movements are met with. When the larynx is examined with the

laryngoscope, it is frequently seen that, while during inspiration the glottis

is widely open, with each expiration the arytenoid cartilages approach each

other so as to narrow the glottis, the cartilages of Santorini projecting in-

wards at the same time. Thus, synchronous with the respiratory expan-

sion and. contraction of the chest, and the respiratory elevation and depres-

sion of the alse nasi, there is a rhythmic widening and narrowing of the

glottis. Like the movements of the nostril, this respiratory action of the

glottis is much more evident in laboured than in tranquil breathing. Indeed

in the latter case it is frequently absent. The manner in which this

rhythmic opening and narrowing is effected will be described when we
come to study the production of the voice. Whether there exists a rhyth-

mic contraction and expansion of the trachea and bronchial passages effected

by means of the plain muscular tissue of those organs and synchronous with

the respiratory movements of the chest, is uncertain \

Sec. 2. Changes of the Air in Kespiration.

During its stay in the lungSj or rather during its stay in the
bronchial passages, the tidal air (by means of diffusion chiefly) effects

exchanges with the stationary air ; in consequence the expired air

differs from inspired air in several important particulars.

1. The temperature of expired air is variable, but under ordinary

circumstances is higher than that of the inspired air. At an average
temperature of the atmosphere, for instance at about 20" C, the

1 Cf. Horvath, Pfluger's ArcUv, xiii. (1876) p. 508.
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temperature of expired air is, ia the mouth SS'O", in the nose .SS'S".

When the external temperature is low, that of the expired air

sinks somewhat, but not to any great extent, thus at — 6"3°C. it is

29"8" C. When the external temperature is high, the expired air

may become cooler than the inspired, thus at ^I'O" it was found by
Valentin to be 88'1* The exact temperature in fact depends on the

relative temperatures of the blood and inspired air, and on the depth

and rate of breathing. '

2. The expired air is loaded with aqueous vapour. The point of

saturation of any gas, that is, the utmost quantity of water which any
given volume of gas can take up as aqueous, vapour, varies with the

temperature, being higher with the higher temperature. For its own
temperature expired air is according to most observers saturated

with aqueous vapour. According to Edward Smith it -is, when
fasting, only half saturated.

3. When the total quantity of tidal air given out at any expira-

tion is compared with that taken in at the corresponding inspiration,

it is found that, both being dried and measured at the same pressure,

the expired air is less in volume than the inspired air, the difference

amounting to about J^th or -gLth of the volume of the latter. Hence,

when an animal is made to breathe in a confined space, the atmosphere

is absolutely diminished,, as was observed so long ago as 1074 by
Mayow. The approxinxajte equivalence in volume between inspired

and expired air arises from the fact that the volume of any given

quantity of carbonic acid is equal to the volume of the oxygen con-

sumed to produce it ; the- slight falling short of the expired air is due
to the circumstance that all the oxygen inspired does not reappear in

the carbonic acid expired, some having formed other combinations.

4. The expired air contains about 4 or 5 p. c. less oxygen, and

about 4 p. c. more carbonic acid than the inspired air, the quantity of

nitrogen sufferinsf but little chanofe. Thus

oxygen..
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that by increasing the paaise from to 100 seconds, the percentage "was

raised from 3-G.to 7*5. The rate of increase however contiaually dimi-

nishes, being greatest at the beginning of the period.

"When the rate of breathing remains the same, by increasing the deptli

of the breathing the percentage of carbonic acid in each breath is lowered,

bnt the total quantity of carbonic acid expired in a given time is increased.

Similarly, when the depth of breath remains the same, by quickening the

rate the percentage of carbonic acid in each breath is lowered, but the

quantity expired in a given time is increased.

The variations in both the consumption of oxygen and production of

carbonic acid, due to variations in pressure, wUl be considered in connec-

tion with the respiratory changes of blood.

TakiDg, as we have done, at 500 c.c. the amount of tidal air

passing in and out of the chest of an average man, such a person will

expire about 22 c.c. of carbonic acid at each breath ; this, reckoning

the rate of breathing at 17 a minute, would give over 500 litres of

carbonic acid for the day's production. By actual experiment, how-
ever, Pettenkofer and Voit, of whose researches we shall have to speak

hereafter, determined the total daily excretion of carbonic acid in an
average man to be 800 grms., i.e. rather more than 400 litres (406),

containing 218*1 grms. carbon, and 581'9 grms. oxygen, the oxygen
actually consumed at the same time being about 700 grms. This

amount represents the gases given out and taken in, not by the lungs

only, but by the whole body; but the amount of carbonic acid given

out by the skin is, as we shall see, very slight (10 grms. or even less),

so that 800 grms. may be taken as the average production of carbonic

acid by an average man. The quantity however, both of oxygen con-

sumed and of carbonic acid given out, is subject to very wide varia-

tions, thus in Pettenkofer and Voit's observations, the daily quantity

of carbonic acid varied from 686 to 1285 grms., and that of the oxygen
from 594 to 1072 grms. These variations and their causes will be

discussed when we come to deal with the problems of nutrition.

The quantity of carbonic acid produced and oxygen consumed increases

in man from birth ixp to about thirty years and after that diminishes. In
the female, the quantity, always less than that of man, mcreases up to

puberty, remains durmg the menstrual life at a standstill, and after the

climacteric declines.

5. Besides carbonic acid, expired air contains various impurities,

many of an unknown nature, and all in small amounts. Ammonia
has been detected in expired air, even in that taken directly from

the trachea, in which case its presence could not be due to decom-
posing food lingering in the mouth. According to Lessen, the

amount given off in ordinary respiration in 24 hours is "014 grm.

When the expired air is condensed by being conveyed into a cooled

receiver, the aqueous product is found to contain organic matter, and
rapidly to putrefy. The organic substances thus shewn to be present

in the expired air are the cause in part of the odour of breath. It is
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probable that many of them are of a poisonous nature ; for an
atmosphere containing simply 1 p. c. of carbonic acid (with a cor-

responding diminution of oxygen) has very little effect on the

animal economy, whereas an atmosphere in which the carbonic acid

has been raised to 1 p. c. by breathing, is highly injurious. In fact,

air rendered so far impure by breathing that the carbonic acid amounts
to '08 p. c. is distinctly unwholesome, not so much on account of the

carbonic acid, as of the accompanying impurities. Since these impuri-

ties are of unknown nature and cannot be estimated, the easily

determined carbonic acid is usually taken as the measure of their

presence. We have seen that the average man loads, at each breath,

500 c. c. of air with carbonic acid to the extent of 4 p. c. He will

accordingly at each breath load 2 litres to the extent of 1 p. c. ; and
in one hour, if he breathe 17 times a minute, will load rather more
than 2000 litres to the same extent. At the very least then a man
ought to be supplied with this quantity of air hourly; and if the

air is to be kept fairly wholesome, that is with the carbonic acid

reduced to '1 p. c, he should have ten times as much.

Sec. 3. The Respiratory Changes in the Blood.

While the air in passing in and out of the lungs is thus robbed of

a portion of its oxygen, and loaded with a certain quantity of

carbonic acid, the blood as it streams along the pulmonary capil-

laries undergoes important correlative changes. As it leaves the

right ventricle it is venous blood of a dark purple or maroon colour

;

when it falls into the left auricle, it is arterial blood of a bright

scarlet hue. In passing through the capillaries of the body from the

left to the right side of the heart, it is again changed from the arterial

to the venous condition. We have to inquire. What are the essential

differences between arterial and venous blood, by what means is the

venous blood changed into arterial in the lungs, and the arterial into

venous in the rest of the body, and what relations do these changes
in the blood bear to the changes in the air which we have already

studied ?

The facts, that venous blood at once becomes arterial on being-

exposed to or shaken up with air or oxygen, and that arterial blood

becomes venous when kept for some little time in a closed vessel,

or when submitted to a current of some indifferent gas such as

nitrogen or hydrogen, prepare us for the statement that the funda-

mental difference between venous and arterial blood is in the relative

proportion of the oxygen and carbonic acid gases contained in each.

From both, a certain quantity of gas can be extracted by means
which do not otherwise materially alter the constitution of the

blood ; and this gas when obtained from arterial blood is found to

contain more oxygen and ^ess carbonic acid than that obtained

from venous blood. This is the real differential character of the



268 VENOUS AND ARTERIAL BLOOD. [Book ii.

two bloods; all other differences are either, as we shall see to be the

case with the colour, dependent on this, or are unimportant and
fluctuating.

If the quantity of gas which can be extracted by the mercurial

air-pump from 100 vols, of blood be measured at 0" C, and a

pressure of 760 mm., it is found to amount, in round numbers, to 60

vols.^

The vacuum produced by the ordinary mechanical air-pump is insuf-

ficient to extract all the gas from blood. Hence it becomes necessary to

use either a large Torricellian vacuum or a Sprengel's pump. In the former

(Fig. 40) case two lai-ge globes of glass, one fixed and the other moveable,

connected by a flexible tube ; the fixed globe is made to communicate

by means of air-tight stopcocks alternately with a receiver containing the

blood, and with a receiver to collect the gas. When the moveable globe

filled with mercury is raised above the fixed one, the mercury from the

former runs into and completely fills the latter,, the air previously present

being driven out. After adjusting the cocks,, the moveable globe is then

depressed thirty inches below the fixed one, in which the consequent fall of

the mercury produces an almost complete vacuum. By turning the proper

cock this vacuum is put into connection with the receiver containing the

blood, which thereupon becomes proportionately exhausted. By again

adjusting the cocks and. once more elevating the moveable globe, the gas

thus extracted is driven out of the fixed globe into a receiver, and the

vacuum once more established. The operation is repeated as long as gas

continues to be given off from the blood. This form of pump, introduced by

Ludwig, or a modification of it, with di-jdng apparatus, employed by Pfliiger,

is the one which has been hitherto, most extensively used ; but a Sprengel's

pump is preferred by some.

The average composition of this gas is in the two kinds of blood

as follows

:

From 100 vols. may be obtained

Of oxygen, of carbonic acid, of nitrogen.

Of Arterial Blood, 20 (16) vols. 39 (30) vols. 1 to 2 vols.

Of Venous Blood, 8 to 12 (6 to 10) vols. 4<6 (35) vols. 1 to 2 vols.

all measured at 760 mm. and 0" C*

It will be convenient to consideu the relations of each of these

gases separately.

The relations of Oxygen in the Blood.

"When a liquid such as water is exposed to an atmosphere con-

taining a gas such as oxygen, some of the oxygen will be dis-

solved in the water, that is to say will be absorbed from the

1 Or, at a pressure of 1 metre, about 50 vols.

2 The numbers iu brackets represent in round numbers the same amounts measured,
according to the present German method, at a pressure of 1 metre.
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Fig. 40. Diageammatic Illustration of Ludwig's Meecubial Gas Pump,

A and B are two glass globes, connected by strong india-rubber tubes, a and b,

with two similar glass globes A' and B'. A is further connected by means of the
stopcock c with the receiver C containing the blood (or other fluid) to be analysed,
and B by means of the stopcock d and the tube e with the receiver D for receiving
the gases. A and B are also connected with each other by means of the stopcocks

/ and g, the latter being so arranged that B also communicates with B' by the passage
g'. A' and B' being full of mercury and the cocks k, f, g, and d being open but
c and g ' closed, on raising A' by means of the pulley -p the mercury of A' iills A,
driving out the air contained in it, into B, and so out through e. When the mercury
has risen above g, f is closed, and g' being opened, B' is in turn raised till B is

completely filled with mercury, all the air previously in it being driven out through e.

Upon closing d, and lowering B', the whole of the mercury in B falls in B', and a
vacuum consequently is established in B. On closing g' , but opening g, f, and h and
lowering A', a vacuum is similarly estabhshed in A and in the junction between
A and B. If the cock c be now opened the gases of the blood in C escape into the
vacuum of A and B. By raising A', after the closure of c, and opening of d, the
gases so set free are driven from A into B, and by the raising of B' from B, through e

into the receiver D, standing over mercury.



270 OXYGEN IN BLOOD. [Book ii.

atmosphere. The quantity which is so absorbed will depend on the

quantity of oxygen which is in the atmosphere above ; that is to

say on the pressure of the oxygen ; the greater the pressure of

the oxygen, the larger the amount which will be absorbed. If on

the other hand, water, already containing a good deal of oxygen dis-

solved in it, be exposed to an atmosphere containing little or no
oxygen, the oxygen will escape from the water into the atmosphere.

The oxygen in fact which is dissolved in the water is in a state of

tension, the degree of tension depending on the quantity dissolved

;

and when water containing oxygen dissolved in it is exposed to any
atmosphere, the point whether the oxygen escapes from the water

into the atmosphere, or passes from the atmosphere into the water,

depends on whether the tension of the oxygen in the water is greater

or less than the pressure of the oxygen in the atmosphere. Hence
when water is exposed to oxygen, the oxygen either escapes or is

absorbed until equilibrium is established between the pressure of

the oxygen in the atmosphere above and the tension of the oxygen

in the water below. This result is, as far as mere absorption and

escape are concerned, quite independent of what other gases are

present in the water or in the atmosphere. Suppose a half-litre of

water were lying at the bottom of a two-litre flask, and that the

atmosphere in the flask above the water w^as one-third oxygen ; it

would make no difference, as far as the absorption of oxygen by the

water was concerned, whether the remaining two-thirds of the

atmosphere was carbonic acid, or nitrogen, or hydrogen, or whether

the space above the water was a vacuum filled to one-third with pure

oxygen. Hence it is said that the absorption of any gas depends on

the 'partial 'pressure of that gas in the atmosphere to which the

liquid is exposed. This is true not only of oxygen and water, but of

all gases and liquids which do not enter into chemical combination

with each other. Different liquids will of course absorb different

gases with differing readiness, but with the same gas and the same
liquid, the amount absorbed will depend directly on the partial pres-

sure of the gas. It should be added that the process is much in-

fluenced by temperature. Hence to state the matter generally, the

absorption of any gas by any liquid, will depend on the nature of

the gas, the nature of the liquid, the pressure of the gas, and the

temperature at which both stand.

Now it might be supposed, and indeed was once supposed, that

the oxygen in the blood was simply dissolved by the blood. If this

were so, then the amount of oxygen present in any given quantity of

blood exposed to any given atmosphere, ought to rise and fall steadily

and regularly as the partial pressure of oxygen in that atmosphere is

increased or diminished. But this is found not to be the case. If

we expose blood containing little or no oxygen to a succession of

atmospheres containing increasing quantities of oxygen, we find that

at first there is a very rapid absorption of the available oxygen, and
then this somewhat suddenly ceases or becomes very small ; and
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if on the other hand we submit arterial blood to successively dimi-

nishing pressures, we find that for a long time very little is given off,

and then suddenly the escape becomes very rapid. The absorption

of oxygen by blood does not follow the general law of absorption

according to pressure. The phenomena on the other hand suggest

the idea that the oxygen in the blood is in some particular combina-
tion with a substance or some substances present in the blood, the

combination being of such a kind that dissociation readily occurs at

certain pressures and certain temperatures. What is that substance

or what are those substances ?

If serum, free from red corpuscles, be used in such absorption

experiments, it is found that as compared with the entire blood, very
little oxygen is absorbed, about as much as would be absorbed by the

same quantity of water ; but such as is absorbed does follow the law
of pressures. In natural arterial blood the quantity of oxygen which
can be obtained from serum is exceedingly small ; it does not

amount to half a volume in one hundred volumes of the entire

blood to which the serum belonged. It is evident that the oxygen
which is present in blood is in some way or other peculiarly con-

nected with the red corpuscles. Now the distinguishing feature of

the red corpuscles is the presence of hsemoglobin. We have already

seen (p. 18) that this constitutes 90 per cent, of the dried red cor-

puscles. There can be a jwiori little doubt that this must be the
substance with which the oxygen is associated ; and to the properties

of this body we must therefore direct our attention.

Hmmoglobin ; its properties and derivatives.

When separated from the other constituents of the serum, hsemo-
globin appears as a substance, either amorphous or crystalline,

readily soluble in water (especially in warm water) and in serum.

Since it is soluble in serum, and since the identity of the crystals

observed occasionally within the corpuscles with those obtained in other

ways shews that the hsemoglobin as it exists in the corpuscle is the same
thing as that which is artificially prepared from blood, it is evident that

some peculiar relationship between the stroma and the hfemoglobin must,

in natural blood, keep the latter from being dissolved by the serum.

Hence in preparing hsemoglobin it is necessary first of all to break up the

corpuscles. This may be done by the addition of chloroform or of bile

salts, or better, by repeatedly freezing and thawing. It is also of advantage
previously to remove the alkaline serum, so as to operate only on the red

corpuscles. The corpuscles being thus broken up, an aqueous solution of

hsemoglobin is the result. The alkalinity of the solution, wdien present,

being reduced by the cautious addition of dilute acetic acid, and the solvent

power of the aqueous medium being diminished by the addition of one

fourth its bulk of alcohol, the mixture, set aside in a temperature of 0° C.

still further to reduce the solubility of the hsemoglobin, readily crystallizes,

when the blood u^ed is that of the dog, cat, horse, rat, guinea-pig, &c.
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The crystals may be separated by filtration, redissolved in water and re-

crystallized.

Haemoglobin from the blood of the rat, guinea-pig, squirrel, bedge-

hoo-, horse, cat, dog, goose, and some other animals, crystallizes readily,

the crystals being generally slender four-sided prisms, belonging to the

rhombic system, and often appearing quite acicular. The crystals

from the blood of the guinea-pig are octahedral, but also belong to

the rhombic system ; those of the squirrel are six-sided plates. The

blood of the ox, sheep, rabbit, pig, and man, crystallizes with diffi-

culty. Why these differences exist is not known ; but the compo-

sition, and the amount of water of crystallization, vary somewhat in

the crystals obtained from different animals. In the dog, the per-

centage composition of the crystals is, according to Hoppe-SeylerS

C. 53-85, H. 7-82, K 16-17, 0. 21-84, S. 0-39, Fe '43, with 3 to 4 per

cent, of water of crystallization. It will thus be seen that haemo-

globin contains iron, in addition to the other elements usually pre-

sent in proteid substances.

The crystals, when seen under the microscope, have the same

bright scarlet colour as arterial blood has to the naked eye ; when
seen in a mass they naturally appear darker. An aqueous solution

of haemoglobin, obtained by dissolving purified crystals in distilled

water, has also the same bright arterial colour. A tolerably dilute

solution placed before the spectroscope is found to absorb certain rays

of light in a peculiar and characteristic manner. A portion of the

red end of the spectrum is absorbed, as is also a much larger portion

of the blue end ; but what is most striking is the presence of two

strongly marked absorption bands, lying between the solar lines D
and E. (See Fig. 41.) Of these the one a, towards the red side, is

the thinnest, but the most intense ; its middle lies at some little

distance to the blue side of D. The other, /3, much broader, lies

a little to the red side of E, its blue-ward edge, even in moderately

dilute solutions, coming close up to that line. Each band is thickest

in the middle, and gradually thins away at the edges. These

two absorption bands are extremely characteristic of a solution of

haemoglobin. Even in very dilute solutions they are visible (they

may be seen in a thickness of 1 cm. in a solution containing 1 grm.

of haemoglobin in 10 litres of water), and that when scarcely any

of the extreme red end, and very little of the blue end, is cut off.

They then appear not only faint but narrow. As the strength of

the solution is increased, the bands broaden, and become more
intense ; at the same time both the red end, and still more the

blue end of the whole spectrum, are encroached upon. This may
go on until the two absorption bands become fused together into

one broad band. The only rays of light which then pass through

the haemoglobin solution are those in the green between the united

bands and the general absorption at the blue end, and those in the

1 Untersuch., in. (1868) 370.
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Fig. 41. The Spectba of Hemoglobin and some op its derivatives shewn in

BEFEEENCE TO FbAUENHOFEB'S LINES.

The first spectrum of oxyhasmoglobin is that of an exceedingly dilute solution. That
of a solution intermediate between the first and second spectra would resemble in

the intensity of its absorption-bands the spectrum given as that of carbonic oxide

hiemoglobin.

red between the band and the general absorption at the red end

(see Fig. 41). If the solution be still further increased in strength,

the interval on the blue side of the band becomes absorbed also,

so that the only rays which pass through are the red rays lying

to the red side of D ; these are the last to disappear, and hence

the natural red colour of the solution as seen by transmitted light.

Exactly the same appearances are seen when crystals of haemo-

globin are examined with a microspectroscope. They are also seen

when arterial blood itself (diluted with saline solutions so that the

corpuscles remain in as natural condition as possible) is examined
with the spectroscope, as well as when a drop of blood, which from

the necessary exposure to air is always arterial, is examined with the

microspectroscope. In fact, the spectrum of haemoglobin is the spec-

trum of normal arterial blood.

When crystals of haemoglobin, prepared in the way described

above, are subjected to the vacuum of the mercurial air-pump, they

give off a certain quantity of oxygen, and at the same time they

change in colour. The quantity of oxygen given off is definite, 1 grm.

of the crystals giving off 1'76^ c.cm. of oxygen. In other words, the

crystals of haemoglobin over and above the oxygen which enters

intimately into their composition, (and which alone is given in the

elementary composition stated on p. 272), contain another quantity

of oxygen, which is in loose combination only, and which may be
dissociated from them by establishing a sufficiently low pressure.

The change of colour which ensues when this loosely combined
oxygen is removed, is characteristic ; the crystals become darker and
more of a purple hue, and at the same time dichroic, so that while

the thin edges appear green, the thicker ridges are purple.

An ordinary solution of haemoglobin, like the crystals from which
it is formed, contains a definite quantity of oxygen in a similarly

peculiar loose combination ; this oxygen it also gives up at a suf-

ficiently low pressure, becoming at the same time of a purplish hue.

This loosely combined oxygen may also be removed by passing a

stream of hydrogen or other indifferent gas through the solution,

whereby dissociation is effected. It may also be got rid of by the

use of reducing agents. Thus if a few drops of ammonium sulphide

or of an alkaline solution of ferrous sulphate, kept from precipitation

by the presence of tartaric acid^, be added to a solution of haemoglo-

bin, or even to an unpurified solution of blood corpuscles such as is

afforded by the washings from a blood clot, the oxygen in loose com-

1 Or, 1'34 measured at a pressure of 1 metre.
2 Stokes, Proc. JRoy. Soc. xiii. (1864) 355.
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bination with' the hsemoglobin is immediately seized upon by the
reducing agent. This may be recognized at once, without submitting
the fluid to the air-pump, by a characteristic change of colour ; from
a bright scarlet the solution becomes of a purplish claret colour, when
seen in any thickness, but green when sufficiently thin : the colour of

the reduced solution is exactly like that of the crystals from which
the loose oxygen has been removed by the air-pump.

Examined by the spectroscope, this reduced solution, or solution

of reduced hsemoglobin as we may now call it, offers a spectrum
(Fig. 41) entirely different from that of the unreduced solution.

The two absorption bands have disappeared, and in their place
there is seen a single, much broader, but at the same time much
fainter band a, whose middle occupies a position about midway
between the two absorption bands of the unreduced solution, thouo-ji

the red-ward edge of the band shades away rather farther towards
the red than does the other edge towards the blue. At the same
time the general absorption of the spectrum is different from that of

the unreduced solution ; less of the blue end is absorbed. Even when
the solutions become tolerably concentrated, the bluish green rays to

the blue side of the single band still pass through. Hence the
difference in colour between haemoglobin which retains the loosely

combined oxygen^ and haemoglobin which has lost its oxygen and
become reduced. In tolerably concentrated solutions, or tolerably

thick layers, the former lets through the red and the orange yellow
rays, the latter the red and the bluish green rays. Accordingly,
the one appears scarlet, the other purple. In dilute solutions, or

in a thin layer, the reduced hsemoglobin lets through so much of the
green rays that they preponderate over the red, and the resulting

impression is one of green. In the unreduced haemoglobin or oxy-
hsemoglobin, the potent yellow which is blocked out in the reduced
hsemoglobin makes itself felt, so that a very thin layer of hsemoglo-
bin, as in a single corpuscle seen under the microscope, appears
yellow rather than red.

When the haemoglobin solution (or crystal) which has lost its

oxygen by the action either of the air-pump or of a reducing agent
or by the passage of an indifferent gas, is exposed to air containing
oxygen, an absorption of oxygen at once takes place. If sufficient

oxygen be present, the whole of the hsemoglobin seizes upon its com-
plement, each gramme taking up in combination 1"76 (1'34) c.cm. of

oxygen; if there be an insufficient quantity, the hsemoglobin takes
up all there is, so that while some of the hsemoglobin gets its allow-

ance, the remainder continues reduced. If the amount of oxygen
be sufficient, the solution (or crystal), as it takes up the oxygen,
regains its bright scarlet colour, and its characteristic absorption
spectrum, the single band being replaced by the two. Thus if a

1 For brevity's sake we may call the bgemoglobin containing oxygen in loose
combination, oxyhcemoglobin, and the hfemoglobin from which this loosely combined
oxygen has been removed, reduced hajmoglobin or simply htemoglobin.

13—2
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solution of oxyhsemoglobin in a test-tube after being reduced by

the ferrous salt, and shewing the purple colour and the single

band, be shaken up with air for a second or two, the bright

scarlet colour at once returns, and when the fluid is placed before

the spectroscope, it is seen that the single faint broad band of the

reduced haemoglobin has wholly disappeared, and that in its place

are the two sharp thinner bands of the oxyhsemoglobin. If left to

stand in the test-tube the quantity of reducing agent still present is

generally sufficient again to rob the haemoglobin of the oxygen thus

newly acquired, and soon the scarlet hue fades back again into the

purple, the two bands giving place to the one. Another shake and

exposure to air will however again bring back the scarlet hue and

the two bands ; and once more these may disappear. In fact, a few

drops of the reducing fluid will allow this game of taking oxygen

. from the air and giving it up to the reducer to be played over and

vj' over again, and at each turn of the game the colour shifts from
"*« scarlet to purple, and from purple to scarlet, while the two bands

exchange for the one, and the one for the two.

Colour of venous and arterial Blood. Evidently we have in

these properties of haemoglobin an explanation of at least one-half

of the great respiratory process, and they teach us the meaning of

the change of colour which takes place when venous blood becomes

arterial or arterial venous. In venous blood, as it issues from the

right ventricle, the oxygen present is insufficient to satisfy the whole

of the haemoglobin of the red corpuscles ; much reduced haemoglobin

is present, hence the purple colour of venous blood.

When ordinary venous blood diluted without access of oxygen, is

brought before the spectroscope, the two bands of oxyhsemoglobin are seen.

This is explained by the fact that in a mixture of oxyhsemoglobin and

(reduced) haemoglobin, the two sharp bands of the former are always much
more readily seen than the much fainter band of the latter. Now in

ordinary venous blood there is always some loose oxygen, and therefore

always some, indeed a considerable quantity, of oxyhsemoglobin as well as

(reduced) haemoglobin. It is only in the last stages of asphyxia that all the

loose oxygen of the blood disappears; and then the two bands of the

oxyhsemoglobin vanish too.

As the blood passes through the capillaries of the lungs, this

reduced haemoglobin takes from the pulmonary air its complement

of oxygen, all or nearly all the haemoglobin of the red corpuscles

becomes oxy-haemoglobin, and the purple colour forthwith shifts into

scarlet.

The hsemoglobin of arterial blood is saturated or nearly saturated with

oxygen. By increasing the pressiu-e of the oxygen, an additional quantity

may be driven into the blood, but tliis is effected by simple absorption. The

quantity so added is extremely small compared with the total quantity

combined with the hsemoglobin, but its physiological importance is increased

by its being present at a high tension.
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Passing from the left ventricle to the capillaries, some of the oxy-
hsemoglobin gives up its oxygen to the tissues, becomes reduced
haemoglobin, and the blood in consequence becomes once more
venous, with a purple hue. Thus the red corpuscles by virtue of
their hasmoglobin are emphatically oxygen-carriers. Undergoing no
intrinsic change in itself, the haemoglobin combines in the lungs
with oxygen, which it carries to the tissues ; these, more greedy of
oxygen than itself, rob it of its charge, and the reduced hasmoglobin
hurries back to the lungs in the venaua blood for another portion.
The change from veuous to arterial blood is then in part (for as we
shall see there are other events as well) a peculiar combination of
haemoglobin with oxygen, while the change from arterial to venous is,

in part also, a reduction of oxyhaemoglobin ; and the difference of
colour between venous and arterial blood depends almost entirely on
the fact that the reduced haemoglobin of the former is of purple
colour, while the oxyhaemoglobin of the latter is of a scarlet

colour.

There may be other causes of the change of colour, but these are wholly
subsidiary and imimijortant. When a corpuscle swells, its refractive

power is diminished, and in consequence the number of rays which pass
into and are absorbed by it, are increased at the expense of those reflected

from its surface; anything therefore which swells the corpuscles, such
as the addition of water, tends to darken blood, and anything, such as
a concentrated saline solution, which causes the corpuscles to shrink, tends
to brighten blood. Carbonic acid has apparently some influence in swellino-

the corpuscles, and therefore may aid in dai'kening the venous blood.

We have spoken of the combination of haemoglobin with oxygen
as being a peculiar one. The peculiarity consists in the facts that
the oxygen may be associated and dissociated, without any general
disturbance of the molecule of haemoglobin, and that dissociation

may be brought about very readily. Haemoglobin combines in a
wholly similar manner with other gases. If carbonic oxide be
passed through a solution of hemoglobin, a change of colour takes
place, a peculiar bluish tinge making its appearance. At the same
time the spectrum is altered ; two bands are still visible, but on
accurate measurement it is seen that they are placed more towards
the blue end than are the otherwise similar bands of oxyhasmooiobin
(see Fig. 41). When a known quantity of carbonic oxide gas is

sent through a haemoglobin solution, it will be found on examination
that a certain amount of the gas has been retained, an equal volume
of oxygen appearing in its place in the gas which issues from the
solution. If the solution so treated be crystallized, the crystals will

have the same characteristic colour, and give the same absorption
spectrum as the solution ; when subjected to the action of the mercu-
rial pump, they will give off a definite quantity of carbonic oxide,

1 grm. of the crystals affording 1'76 (1-34) c.cm. of the gas. Jn fact,

haemoglobin combines loosely with carbonic oxide just as it does
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with oxygen; but its affinity with the former is greater than with

the latter. While carbonic oxide readily turns out oxygea. oxygen

cannot so readily turn out carbonic oxide. Indeed, carbonic oxide

has been used as a means of driving out and measuring the quantity

of oxygen present in any given blood. This property of carbonic

oxide explains its poisonous nature. When the gas is breathed,

the reduced and the unreduced hsemoglobin of the venous blood

unite with the carbonic oxide, and hence the peculiar bright red

colour observable in the blood and tissues in cases of poisoning

by this gas. The carbonic oxide hsemoglobin, however, is of no use

in respiration ; it is not an oxygen-carrier, nay more, it will not

readily, though it does so slowly and eventually, give up its carbonic

oxide for oxygen, when the gas no longer enters the chest and pure

air is supplied. The organism is killed by suffocation, by want of

oxygen, in spite of the bright red colour of the blood. As Bernard

phrased it, the corpuscles are paralysed.

Hsemoglobin similarly forms a compound, haA^ing a cliaractei-istic spec-

trum with nitric oxide, more stable than, that with carbonic oxide,

1 grm. of hsemoglobin uniting with 1-76 (1-34) c.cm. of the gas. In all these

compounds, in fact, the same volume of gas unites with the same quantity

of the substance, and all three compounds are isomorphous. Nitrous oxide

reduces hsemoglobin. Compounds also exist between hsemoglobin and

hydrocyanic acid.

Hsemoglobin is a so-called ozone-carrier. If to a mixture of ozonized

turpentine (turpentine kept for some time) and tincture of guaiacum, a drop

of blood or hsemoglobin solution be added, the turpentine at once oxidises

the guaiacum and produces a blue colour; this, before the addition of the

hsemoglobin, it is unable to do. If a drop of tincture of guaiacum (the

experiment fails with many specimens of tincture) be spread out and

allowed to dry on a piece of white filtering paper, and a drop of blood or

hsemoglobin solution be placed on it, a blue ring is developed. This was

held by A. Schmidt to indicate that the oxygen in combination with

hsemoglobin was in an active, or ozonic condition. Since however the

experiment fails when glass or even smooth paper is used instead of filtering

paper, it is more than probable that the result is caused by a decomposition

of the hsemoglobin due to the porous natui'e of the paper'.

Although a crystalline body, hsemoglobin diffuses with great

difficulty. Tliis arises from the fact that it is in part a proteid

body ; it consists of a colourless proteid, associated with a coloured

compound named hcematin. All the iron belonging to the hsemo-

globin is in reality attached to the hasmatin. A solution of

hsemoglobin, when heated, coagulates, the exact degree at which

the coagulation takes place depending on the amount of dilution
;

at the same time it turns brown from the setting free of the

hajmatin. If a strong solution of haemoglobin be treated with acetic

(or other) acid, the same brown colour, from the appearance of

heematin, is observed. The proteid constituent however is not

1 Pfliiger, PJlilger's Archiv, x. (1875) p. 252.
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coagulated, but by the action of the acid passes into the state of

acid-albumin. On adding ether to the mixture, and shaking, the

hsematin rises into the supernatant ether, which it colours a dark
red, and which, examined with the spectroscope, is found to possess a
well-marked spectrum, the spectrum of the so-called acid hsematin

of Stokes (Fig. 41). The proteid in the water below the ether appears

in a coagulated form. In a somewhat similar manner alkalis split

up haemoglobin into a proteid constituent and hjcmatin. The exact

nature of the proteid constituent has not as yet been clearly deter-

mined ; it was supposed to be globulin, hence the name haematoglo-

bulin contracted into hsemoglobin. The proteid which is precipitated

when a solution of hsemoglobin is exposed to the air, though belong-

ing to the globulin family, has characters of its own. It has been
named by Preyer' globin. It is free from ash. Hsematin when
separated from its proteid fellow, and purified, appears as a dark
brown amorphous powder, having the probable composition of Cgj,

Hg^, N^, Fe, Og. It is readily soluble in dilute alkaline solutions, and
then gives a characteristic spectrum (Fig. 41).

An interesting feature in hrematin is that its alkaline sokition is

capable of being reduced by reducing agents, the spectrum changing at the

same time, and that the reduced solution will, like the hsemoglobiu, take

up oxygen again on being brought into contact with air or oxygen. This

would seem to indicate that the oxygen-holding power of haemoglobin is

connected exclusively with its hsematin constituent. By the action of

strong sulphuric acid hsematin may be robbed of all its iron. It still

retains the feature of possessing colour, the solution of iron-free haematin

being a dark rich brownish red ; but is no longer capable of combining
loosely with oxygen. This indicates that the iron is in some way associated

with the peculiar respiratory lunctions of haemoglobin ; though it is ob-

viously an error to suppose, as once was thought, that the change from
venous to arterial blood consists essentially in a change from a ferrous to a

ferric salt.

Though not crystallizable itself, hsematin forms with hydrochloric

acid a compound, occurring in minute rhombic crystals, the so-

called haemin crystals.

The spectrum of hsematin in an alkaline solution (Fig. 41) gives one

broad band to the red side of the line D. The blue end of the spectrum

suffers much absorption, and since the characteristic single band is faint,

and only seen in concentrated solutions, the whole appearance of the

spectrum of hsematin is far less striking than that of haemoglobin. The
solutions are dichroic, of a reddish brown in a thick, and of an olive green

in a thin layer. The spectrum of reduced hsematin is mai-ked by two faint

bands to the blue side of the single band of the unreduced liaematin

;

there is at the same time less absorption of the blue end. The spectrum of

acid hsematin, i. e. of hsematin prepared, as spoken of above, by treat-

ment with acetic acid and ether, is marked by a very characteristic and
easily seen band, a, in the red, to the blue side of C (Fig. 41). This

1 Die Blut Erijstalle, 1871.
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li£ematin band readily appears when hsemoglobin is acted npou by weak

acids, and hence is seen when carbonic acid is passed for some time thi^ongh

hjemoc'lobin. A wholly similar band, however, makes its appeai-ance when

blood is acted upon for some time by ammonium sulphide, or when blood

is allowed to stand for any length of time, or after the action of weak

alkalis ; in these cases it is supposed to indicate the existence of a hypo-

thetical body methtemoglobin, an intermediate stage which hEemoglobin is

supposed to pass through on its way to be split up into hseraatiu and the

proteid body.. When haematin or haemoglobin is dissolved in concentrated

sulphuric acid, a spectrum is obtained, on diluting with the acid, resembling

but in some points differing from that of acid hsematin as given in fig. 41.

The iron-free haematin, obtained by precipitating with a large quantity of

water the solution of hsematin or hsemoglobin in concentrated sulphuric

acid, also gives in ammoniacal and iai acetic acid solutions spectra differing

in minor points only from the same specti-um. Preyer' believes that Stokes'

a.-id hajmatin, i. e. the substance in solution in the ether added to blood

treated with acetic acid, is in reality iron-free hismatin, or, as he prefers to

call it,, hcematoin. Hsematin also foi-nis a special compound with a charac-

teristic spectrum, when acted on by potassium cyanide. Hoppe-Seyler^ by

treating reduced hsemoglobiu with acids or alkalis, in the total absence of

oxygen,, obtained a colouring body, with a characteristic spectrum, to which

he gave the name of hsemochromogen, regarding it as the substance, form-

ing pai't of hasmoglobin, which by oxidation passes into hsematin.

In conclusion, the condition of oxygen in the blood is as follows.

Of the whole quantity of oxygen in the blood, only a minute fraction

is simply absorbed or dissolved, according to the law of pressures

(the Henry-Dalton law). The great mass is in a state of com-

bination with the hsemoglobin, the connection being of such a

kind that while the haemoglobin readily combines with the oxygen

of the air to which it is exposed, dissociation readily occurs at low

pressures, or in the presence of indifferent gases, or by the action of

substances having a greater affinity for oxygen than has hsemoglobin

itself. The difference between venous and arterial blood, as far as

oxygen is concerned, is that while m the latter there is an insignifi-

cant quantity of reduced hemoglobin, in the former there is a

great deal ; and the characteristic colours of venous and arterial

blood are in the main due to the fact that the colour of reduced

haemoglobin is purple, while that of oxy-hamoglobin is scarlet.

The relations of the Carbonic Acid in the Blood.

Of the total quantity of carbonic acid which can be extracted

from blood, by far the greater part is given off to the mercurial

vacuum. It is only a small portion (2 to 5 vols, per cent.) which
needs the addition of an acid to drive it off. These two quantities

of the gas may be distinguished by the names 'loose,' and 'fixed,'

or ' stable.' Like the oxygen, the loose carbonic acid is, for the

1 Die Blutkrystalle (1871), p. 181. 2 Untersuch., iv. (1871) 540.
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most part, not simply dissolved in the blood ; the absorption of it

does not follow the law of pressures. The absorption of carbonic

acid however is not so specially connected with the corpuscles as is

that of oxygen ; for serum absorbs carbonic nearly as readily as the
entire blood, the quantity absorbed by equal volumes of serum alone

and of blood differing very slightly. What constituent or consti-

tuents of both serum and the corpuscles thus render blood capable

of absorbing so much more than simple water, is not exactly known.

It was suggested by Fernet that sodium carbonate will take up another
equivalent; of carbonic anhydride, and so become sodium bicarbonate, and
that a solution of sodium phosphate will take up carbonic acid in the pro-

portion of one equivalent of the acid to two of the salt, 2 PO Na,,H
+ CH,0g = 2PO^NaH„-i- ClSra^Og; but. in these combinations the carbonic

acid requires for dissociation very low pressures, and besides, the sodium
phosphate, though present in the ash^ is not a constituent of natural blood,

the phosphates of the ash being largely due to oxidation of the phosphorus
in the lecithin of the corpuscles. It has been suggested that the car-

bonic acid may be associated with some of the proteid substances in the

serum or corpuscles, e.g. the globulin; but exact knowledge on this point

is wanting.

The relations: of the Nitrogen in the Blood.

The small quantity of this gas which is present in both arterial

and venous blood seems to exist partly in a state of simple solution,

partly in some loose chemical combination, but the conditions of the

association are unknown.

Sec. 4. The Respiratoey Changes in the Lungs.

The entrance of Oxygen. We have already seen that the blood

in passing through the lungs takes up a certain variable quantity

(from 8 to 12 p. c. vols.) of oxygen. We have further seen that the

quantity so taken up, putting aside the insignificant fraction simply

absorbed, enters into direct but loose combination with the hsemoglo-

bin. We have also seen that at low pressures the oxygen is dissociated

from the haemoglobin and set free, but not at high pressures.

If the tension of the oxygen in the lungs is higher than the

tension of the oxygen in the venous blood of the pulmonary artery,

there will be no difficulty in the reduced haemoglobin of that

blood taking up oxygen ; and this may go on until the haemoglobin

of the blood in the pulmonary capillaries is all converted into oxy-

hsemoglobin, or until the oxygen tension in the blood is increased

so as to be equal to that of the air in the lungs. Now the

oxygen in the expired air amounts to about 16 p. c, having lost 4 or

5 p. c. in the lungs. Of course the air at the bottom of the lungs

will contain still less oxygen. How much less we do not exactly
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know, but we may probably put the limit of reduction at 10 p. c.

We may say then that the tension of the oxygen in the pulmonary

air-cells is at least 10 p. c.—or, to measure it in millimetres of mer-

cury, since the pressure of the one entire atmosphere is 760 mm.,
jLth of that will amount to 76 mm.

Now the tension of oxygen in the arterial blood of the dog^

amounts to 3-9 p. c. (varying from 5"6 to 2'8), or about 30 mm. of

mercury. That is to say, the arterial blood of the dog exposed to an

atmosphere containing 3'9 p. c. of oxygen neither gives off nor takes

up any oxygen. The tension of the oxygen in the average venous

blood of the dog amounts to 2"9 p. c, (varying from 4*6 to l•3)^

Both these numbers are far below 10 p. c. ; in fact we may suppose

the percentage of oxygen in the pulmonary alveoli to be less than

half the amount stated above, and yet see no difficulty in ordinary

venous blood taking up oxygen while passing through the lungs.

But what takes place when the tension of the oxygen in the air is

lowered, as when the windpipe is obstructed, and asphyxia sets in ?

It has been ascertained that in the dog, in the last breath given

out in such an asphyxia, the expired air has an oxygen tension of

2'3 p. c, and when the heart ceases to beat, the oxygen of the pul-

monary air sinks to •408 p. c. These tensions are of course lower

than that of ordinary venous blood, but in asphyxia the blood is no

longer ordinary venous blood ; instead of containing a comparatively

small amount, it contains a large and gradually increasing amount, of

reduced haemoglobin. And as the reduced hgemoglobin increases in

amount, the oxygen tension of the venous blood decreases ; it thus

keeps below that of the air in the lungs ; and hence even the last

traces of oxygen in the lungs are taken up by the blood, and car-

ried away to the tissues. Even with the last heart's beat, when the

oxygen in the lungs has sunk to -403 p. c, the bands of oxy-hsemo-

globin may still for a moment be detected in the blood of the left

side of the heart

^

Exit of Carbonic Acid. This presents greater difficulties. In

the dog the tension of the carbonic acid in arterial blood has been

estimated at 2-8 p. c, ; and that of venous blood from the right side

of the heart at 5*4 p. c. ; that is to say, venous blood neither gives

off nor takes up carbonic acid when exposed to an atmosphere con-

taining 5"4* p. c. of that gas, while it takes it up from an atmo-

sphere containing more, and gives it off to one containing less. In

order that venous blood may give up its carbonic acid to the air

in the lungs, the latter must contain in the dog less than 5 "4 p. c.

of that gas. From Becher's result (see antea p. 265) it was inferred

that the air in the pulmonary cells has a higher carbonic-acid ten-

i Strassburg. Pfliiger's Archiv, vi. (1872) p. 65.

2 In Wolffberg's experiments, see next page, the percentage of oxygen in the

secluded pulmonary district, varied, at the end of an experiment, from 1-4 to 4-6.

^ Stroganow. Pfliiger's Archiv, xii. (1876) p. 18.

4 Wolftljerg, about 3-5, see note 2 next page.
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sion than this, viz. 7'5 p. c. ; hence arose the necessity of supposing

that while the blood is travelling along the pulmonary capillaries,

some event occurs which temporarily increases the carbonic-acid

tension in the blood. Thus it was suggested that, coincident with

the entrance of oxygen, hsemogiobin is in part decomposed, giving

rise to an acid, which acting on stable or fixed carbonic acid, sets it

free, and so increases the tension. It was also suggested that the

pulmonary tissue may exercise some special action, that in fact tlie

pulmonary epithelium is a true secreting tissue, and is able to se-

crete carbonic acid by an active process comparable to the secretion

of gastric juice or of urine. We now however have reason to think,

from the researches of Wolffberg\ that in the dog, at a time when
the mean carbonic-acid tension of the venous blood in the heart was
found to be 3'43 p. c.^ the limit of tension in the pulmonary air was
ascertained to be 3'o6 p. c, i.e. allowing for errors of observation, as

nearly as possible the same ; in other words, in respiration the car-

bonic acid passes by simple diffusion into the pulmonary air, until an

equilibrium of tensions is reached between the blood and the air.

The objections to Becher's results are that he did not determine the

gases of his own blood, and, moreover, by holding his breath increased the

general tension of carbonic acid in his venous blood. WolfFberg inserted

into a small bronchus a catheter around which was arranged a small bag

which could be at will inflated so as completely to block up the bronchus.

Thus without any general disturbance of breathing, he was able to stoj) the

ingress of fresh air into a limited portion of the pulmonary tissue. After

a lapse of five minutes, allowing ample time for equilibrium to be esta-

blished between the air in the isolated portion of lung and the venous

blood, the air was withdrawn by the catheter and analysed.

The arguments in favour of a specific action of the pulmonary epithelium

are derived from the experiments of J. J. Miiller^, who found that more
carbonic acid was given ofi" when blood was sent through the lungs than

when simply agitated with air. The scarcity of protoplasm in the thin pul-

monary epithelium opposes such a view.

In favour of the idea that the entrance of oxygen has an effect on the

setting free of the carbonic acid, may be quoted the facts that the carbonic-

acid tension of venous blood is found to be greater when determined by the

agitation of the blood with air containing oxygen than when air free from

oxygen is used, and that the carbonic-acid tension of serum is less than

that of the entire blood, and is increased by the addition of blood-cor-

puscles. It IS also asserted that the stable carbonic acid is less in arterial

than in venous blood, as if durius the conversion some had been set free.

It may here be noted that, according to Strassburg^, the carbonic-acid ten-

sion rises rapidly as coagulation sets in, reaching then as much as 8"13 p.c.

This i-ather favours the idea that the carbonic acid is peculiarly associated

with some of the forms of globulin.

1 Pfluger's ArcMv, iv. (1871) 465, vi (1872) 23.
2 This was distinctly less than the average. Possibly what is stated above as the

average is too high, the animals suffering slightly from dyspnoea when the blood was
drawn.

^ Ludwig's Arheiten, 1869, p. 37. ^ Pfluger's Archiv, vi. (1872) 65.
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Sec. 5. The Respiratory Changes in the Tissues,

In passing iliroiigh the several tissues the arterial blood becomes
once more venous. A considerable quantity of the oxy-hsemoglobin

becomes reduced, and a quantity of carbonic acid passes from the

tissues into the blood. The amount of change varies in the various

tissues, and in the same tissue may vary at different times. Thus in

a gland at rest, as we have seen, the venous blood is dark, shewing
the presence of a large quantity of reduced haemoglobin; when tlie

gland is active, the venous blood in its colour, and in the amount
of haemoglobin which it contains, resembles closely arterial blood.

The blood therefore which issues from a gland at rest is more
' venous' than that from an active gland, though the total quantity of

carbonic acid formed in a given time may be greater in the latter.

The blood, on the other hand, wliich comes from a contracting muscle,

is not only richer in carbonic acid, but also, though not to a corre-

sponding amount, poorer in oxygen than the blood which flows from
a muscle at rest..

In all these cases the great question which comes up for our

consideration is this : Does the oxygen pass from the blood into the

tissues, and does the oxidation take place in the tissues, giving rise

to carbonic acid, which passes in turn away from the tissues into

the blood? or do certain oxidisable reducing substances pass from

the tissues into the blood, and there become oxidized into carbonic

acid and other products, so that the chief oxidation takes place in the

blood itself?

There are, it is true, reducible substances in the blood, but these

are small in amount, and the quantity of carbonic acid to which
they give rise when the blood containing them is agitated with air

or oxygen, is so small as scarcely tO' exceed the errors of observation.

The conclusion of Ester and St Pierre, that the oxygen diminishes even

in the great arteries from the heart outwards, has been shewn by Pfliiger to

be based on erroneous analyses.

On the other hand, it will be remembered that in speaking of

muscle, we drew attention to the fact that a frog's muscle removed
from the body contained no free oxygen whatever. None could be
obtained from it by the mercurial air-pump. Yet such a muscle will

produce and discharge a considerable quantity of carbonic acid, not

only while contracting, but also when at rest. A muscle is always

producing carbonic acid, and when it contracts there is a sud-

den and extensive increase of the normal production. Oxygen is

necessary for the life of the muscle : when venous instead of arterial

blood is sent through the blood-vessels of a muscle, the irritability

speedily disappears, and unless fresh oxygen be administered the

muscle soon dies. It may however, during the interval in which
irritability is still retained after the supply of oxygen has been cut
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off, continue to contract vigorously. The presence of oxygen, though
necessary for the maintenance of irritability, is not necessary for

the manifestation of that irritability, is not necessary for that ex-

plosive decomposition which developes a contraction. A frog's

muscle will continue to contract and to produce carbonic acid in an
atmosphere of hydrogen or nitrogen, that is in the total absence of free

oxygen both from itself and from the medium in which it is placed.

If from the fact that no free oxygen is present, that the tension

of oxygen is nil in the muscle out of the body, we may infer that the
muscle within the body does not permanently contain any quantity
of free oxygen, it is evident on the one hand that this state of things
is most favourable for the oxygen of the blood to pass from the
blood into the muscular tissue, and on the other, that immediately
the oxygen has passed, it is in some way fixed so as to be no longer
removable by diminished tension. It is further evident that in the
case of a muscle the carbonic acid comes direct from the muscle
itself, and that the oxidation which takes place occurs in the muscle
itself; the respiration of muscle does not consist in throwing oxidis-

able substances into the blood, there to be oxidized into carbonic
acid and other matters.

Our knowledge of the respiratory changes in muscle is more
complete than in the case of any other tissue ; but we have no
reason to suppose the phenomena of muscle are exceptional. On
the contrary, all the available evidence goes to shew that in all

tissues the oxidation takes place in the tissue, and not in the adjoin-
ing blood. It is a remarkable fact, that lymph, serous fluids, bile,

urine, and the other secretions, contain no free or loosely combined
oxygen, while the tension of carbonic acid in peritoneal fluid is as high
as 6 per cent., and in bile and urine is still higher. The tension of
carbonic acid in lymph, while higher than that of arterial blood, is

lower than that of the general venous blood ; but this probably is due
to the fact that the lymph in its passage ou wards is largely exposed to
arterial blood in the connective tissues and in the lymphatic glands,
where the production of carbonic acid is slight as compared to that
going on in muscles. Strassburg^ has attempted to determine the
tension of carbonic acid in the intestinal walls; the experiment is per-
haps open to objection, but the result is worth recording; he found
the tension to be 7'7 per cent., i. e. higher than that of the femoral
venous blood. All these facts point to the conclusion, that it is the
tissues, and not the blood, which become primarily loaded with car-

bonic acid, the latter simply receiving the gas from the former by
diffusion; and that the oxygen which passes from the blood into the
tissues is at once taken up in some combination, so that it is no longer
removable by dimiuished tension.

As a matter of fact, Oertmann" has shewn that if in a frog, the whole
blood of the body be replaced by normal saline solution, the total meta-

1 Pfliiger's Archiv, vi. (1872) 65. '^ Pfluger's ArcMv xr. (1877) p. 381.
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bolism of the body is, for some time, uncliangecl. The saline medium is

able, owing to the low rate of metabolism, and large respii-atory surface of

the animal, to supply the tissues with all the oxygen they need, and to

remove all the carbonic acid they produce. It is difficult to believe that,

in such an experiment, the oxidation took place in the saline solution itself

while cii'culating in the blood-vessels and tissue-spaces of the animal.

We may add, that the blood itself removed from the body has

practically no oxidative power at all over substances which are un-
doubtedly oxidized in the body. If grape-sugar be added to blood, or

to a solution of haemoglobin, the mixture may be kept for a long time

at the temperature of the body, without undergoing oxidation^ ; and
even within the body a slight excess of sugar in the blood over a cer-

tain percentage wholly escapes oxidation, and is discharged unchanged.

Many easily oxidized substances, such as pyrogallic acid, pass largely

through the blood of a living body without being oxidized. The
organic acids, such as citric, even in combination with alkaline bases,

are only partially oxidized; when administered as acids, and not as

salts, they are hardly oxidized at all. It is of course quite possible

that the changes which the blood undergoes when shed might
interfere with its oxidative action, and hence the fact that shed

blood has little or no oxidizing power, is not a satisfactory proof that

the unchanged blood within the living vessels may not have such a

power. But did oxidation take place largely in the blood itself, one

would expect even highly diffusible substances to be oxidized in their

transit; whereas if we suppose the oxidation to take place in the

tissues, it becomes intelligible why such diffusible substances as those

which the tissues in general refuse to take up largely, should readily

pass unchanged from the blood through the secreting organs.

We have seen that in muscle the production of carbonic acid

is not directly dependent on the consumption of oxygen. The
muscle produces carbonic acid in an atmosphere of hydrogen.

What is true of muscle is true also of other tissues and of the

body at large. Spallanzani and W. Edwards shewed long ago that

animals might continue to breathe out carbonic acid in an atmosphere

of nitrogen or hydrogen; and recently Pfliiger^ has shewn, by a

remarkable experiment, that a frog kept at a low temperature will

live for several hours, and continue to produce carbonic acid in an
atmosphere absolutely free from oxygen. The carbonic acid produced

during this period was made by help of the oxygen inspired in

the hours anterior to the commencement of the experiment. The
oxygen then absorbed was stowed away from the haemoglobin into

the tissues, it was made use of to build up the explosive compounds,

whose explosions later on gave rise to the carbonic acid ; or, to adopt

Pfiiiger's simile, the oxygen helps to wind up the vital clock ; but

once wound up the clock will go on for a period without further

winding. The frog will continue to live, to move, to produce car-

1 Hoppe-Seyler, Untersuch. i. (1866) p. 136,
' Ptiuger's Arcliiv, x. (1875) 251.
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bonic acid for a while without any fresh oxygen, as we know of old it

will without any fresh food ; it will continue to do so till the explosive
compounds which the oxygen built up are exhausted ; it will go on
till the vital clock has run down.

To sum up, then, the results of respiration in its chemical
aspects. As the blood passes through the lungs, the low oxygen
tension of the venous blood permits the entrance of oxygen from the
air of the pulmonary alveolus, through the thin alveolar wall, through
the thin capillary sheath, through the thin layer of blood plasma,
to the red corpuscle, and the reduced hgemoglobin of the venous
blood becomes wholly, or all but wholly, oxy-hsemoglobin. Hurried
to the tissues, the oxygen, at a comparatively high tension in the
arterial blood, passes largely into the tissue, in Avhich the oxygen
tension is always kept at an exceedingly low pitch, by the fact

that the tissue, in some way at present unknown to us, packs away
at every moment into some stable combination each molecule of

oxygen which it receives from the blood. With much but not all of

its oxy-hsemogiobin reduced, the blood passes on as venous blood.

How much haemoglobin is reduced will depend on the activity of

the tissue itself The quantity of haemoglobin in the blood is the
measure of limit of the oxidizing power of the body at large ; but
within that limit the amount of oxidation is determined by the
tissue, and by the tissue alone.

Though the quantity of carbonic acid expired (p. 266) may be tempo-
rarily increased bj an increase of the respu-atory movements, this, accord-

ing to Pfliiger, is to be regarded as the result of increased ventilation

rather than of increased metabolic production. This physiologist^ has
brought forward strong evidence in favour of the views urged by him that
neither the extent of the respiratory movements nor the velocity of the
iiow of blood are to be regarded as pi-ime factors determining the amount
of general metabolism. It is according to him the quicker metabolism
which determines the more active circulation and the more vigorous respi-

ration ; not vice versd.

We cannot trace the oxygen through its sojourn in the tissue.

We only know that sooner or later it comes back as carbonic acid
(and other matters not now under consideration). Owing to the
continual production of carbonic acid, the tension of that gas in the
extravascular elements of the tissue is always higher than that of

the blood ; the gas accordingly passes from the tissue into the blood,

and the venous blood passes on not only with its haemoglobin
reduced, but with its carbonic-acid tension increased. Arrived at

the lungs, the blood finds the pulmonary air at a lower carbonic-

acid tension than itself. The gas accordingly streams through the
thin vascular and alveolar walls, till the tension without the blood-
vessel is equal to the tension within. Thus the air of the pulmonary

1 Pfliiger's Archiv vi. (1872) 43; x. (1875) 251; xiv. (1877) 1. Fiukler, ibid. x. 368.
Finkler and Oertmanu, ibid. xiv. 38.
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alveoli, having given up oxygen to the blood and taken up carbonic

acid from the blood, having a higher carbonic acid tension and a

lower oxygen tension than the tidal air in the bronchial passages,

mixes rapidly with this by diffusion. The mixture is further assisted

by ascending and descending currents ; and the tidal air issues from

the chest at the breathing out poorer in oxygen and richer in car-

bonic acid than the tidal air which entered at the breathing in.

Sec. 6. The Nervous Mechanism of Eespiration.

Breathing is an involuntary act. Though the diaphragm and all

the other muscles employed in respiration are voluntary muscles, i. e.

muscles which can be called into action by a direct effort of the will,

and though respiration may be modified within ver}^ wide limits by

the will, yet we habitually breathe without the intervention of the

will: the normal breathing may continue, not only in the absence of

consciousness, but even after the removal of all the parts of the brain

above the medulla oblongata.

We have already seen how complicated is even a simple respira-

tory act. A very large number of muscles are called into play.

Many of these are very far apart from each other, such as the

diaphragm and the nasal muscles
;

yet they act in harmonious

sequence in point of time. If the lower intercostal muscles con-

tracted before the scaleni, or if the diaphragm contracted while

the other chest-muscles were enjoying an interval of rest, the

satisfactory entrance and exit of air would be impossible. These

muscles moreover are coordinated also in respect of the amount of

their several contractions ; a gentle and ordinary contraction of the

diaphragm is accompanied by gentle and ordinary contractions of the

intercostals, and these are preceded by gentle and ordinary con-

tractions of the scaleni. A forcible contraction of the scaleni, followed

by simply a gentle contraction of the intercostals, would hinder

rather than assist inspiration. Further, the whole complex inspira-

tory effort is followed by a less marked but still complex expiratory

action. It is impossible that all these so carefully coordinated mus-
cular contractions should be brought about in any other way than by
coordinate nervous impulses descending along efferent nerves from a

coordinating centre. By experiment we find this to be the case.

When in a rabbit the trunk of a phrenic nerve is cut, the dia-

phragm on that side remains motionless, and respiration goes on

without it. When both nerves are cut, the whole diaphragm remains

quiescent, though the respiration becomes excessively laboured.

The occasional slight rhythmic movements of the diaphragm observed

by Brown-Sequard, after section of the plirenic, iutevessting from anotlier

point of view, do not rniUtate against the above statement.

When an intercostal nerve is cut no active respiratory movement
is seen in that space, and when the spinal cord is divided below the



Chap. II.] RESPIRATION. 289

origin of the seventli cervical spinal nerve, costal respiration ceases,

though the diaphragm continues to act and that with increased

vigour. When the cord is divided just below the medulla, all

thoracic movements cease, but the respiratory actions of the nostrils

and glottis still continue. These however disappear when the facial

and recurrent laryngeal are divided. We have already stated that

after removal of the brain above the medulla, respiration still con-

tinues very much as usual, the modifications which ensue from loss

of the brain being unessential. Hence, putting all these facts to-

gether, it is clear that in respiration, coordinated impulses do, as we
suggested, descend from the medulla along the several efferent

nerves. The proof is completed by the fact that the removal or

injury of the medulla alone at once stops all respiratory movements,
even though every muscle and every nerve concerned be left intact.

Nay more, if only a small portion of the medulla, a tract whose
limits are not as yet exactly fixed, but which lies below the vaso-

motor centre\ between it and the calamus scriptorius, be removed or

injured, respiration ceases for ever, though every other part of the

body be left intact. When this spot is excised or injured, breathing

at once ceases, and since the inhibitory vagus centre is generally at

the same time stimulated, and the heart's beat arrested, death ensues

instantaneously. Hence this portion of the nervous system was
called by Flourens the vital knot, or ganglion of life, noeud vital. We
shall speak of it as the respiratory centre. The nature of this centre

must be exceedingly complex; for while even in ordinary respiration

it gives rise to a whole group of coordinate nervous impulses of inspi-

ration followed in due sequence by a smaller but still coordinate

group of expiratory impulses, in laboured respiration fresh and
larger impulses are generated, though still in coordination with the

normal ones, the expiratory events being especially augmented; and
in the more extreme cases of dyspncea and asphyxia impulses overflow,

so to speak, from it in all directions, though only gradually losing

their coordination, until almost every muscle in the body is thrown
into contractions.

The first question we have to consider is, Are we to regard the

rhythmic action of this respiratory centre as due essentially to

changes taking place in itself, or as due to afferent nervous impulses

or other stimuli which affect it in a rhythmic manner from without ?

In other words, Is the action of the centre automatic or purely reflex?

We know that the centre may be influenced by impulses proceeding

from without, and that the breathing may be affected by the action

of the will, or by an emotion, or by a dash of cold water on the skin,

or in a hundred other ways; but the fact that the action of the

centre may be thus modified from without, is no proof that the con-

tinuance of its activity is dependent on extrinsic causes.

In attempting to decide this question we naturally turn to the
pneumogastric as being the nerve most likely to serve as the channel

1 See antea, p. 158.

r.p. 19



290 TEE NERVOUS MECHANISM OF RESPIRATION. [Book ii.

of afferent impulses setting in action tlie respiratory centre. If both
vagi be divided, respiration still continues though in a modified form.

This proves distinctly that afferent impulses ascending those nerves

are not the efficient cause of the respiratory movements. We have
seen that when the spinal cord is divided below the medulla, the

facial and laryngeal movements still continue. This proves that the

respiratory centre is still in action, though its activity is unable to

manifest itself in any thoracic movemeut. But when the cord is

thus divided the respiratory centre is cut off from all sensory

impulses, save those which may pass into it from the cranial nerves;

and the division of these cranial nerves in no' way destroys respira-

tion. Hence it is clear that the respiratory impulses proceeding

from the respiratory centre are not simply afferent impulses reaching

the centre along afferent nerves and transformed by reflex action in

that centre. They evidently start de novo from the centre itself,

however much their characters may be affected by afferent impulses

reaching that centre at the time of their being generated. The
action of the centre is automatic, not simply reflex.

Among the afferent impulses which affect the automatic action of

the centre, the most important are those which ascend along the

vagi. If one vagus be divided, the respiration becomes slower ; if

both be divided, it becomes very slow, the pauses between expiration

and inspiration being excessively prolonged. The character of the

respiratory movement too is markedly changed, each respiration is

fuller and deeper, so much so that what is lost in rate is gained in ex-

tent, the amount of carbonic acid produced and oxygen consumed in

a given period remaining after division of the nerves about the same
as when they were intact. It is evident from this, in the first place,

that during life afferent impulses are continually ascending the vagi

and modifying the action of the respiratory centre, and in the second

place, that the modification bears simply on the distribution in time
of the efferent respiratory impulses, and not at all on the amount to

which they are generated. These afferent impulses are probably

started in the lungs by the condition of the blood in the pulmonary
capillaries acting, as a stimulus to the peripheral endings of the nerves,

though possibly the altered air in the air-cells may also act as a sti-

mulus on the nerve-endings..

It has been suggested that the mere movements of expansion and
contraction may also serve as a stimulus. According to Hering and Breuer',

when air is mechanically driven into the chest, an expiratory movement
follows, and when ah is drawn out, an inspiratory; and this not only with

atmospheric air but with indifferent gases, such as nitrogen ; when both

vagi are cut, these effects do not appear. They infer from this, that the

mere mechanical expansion of the lungs transmits along the vagus an
impulse tending to inhibit inspiration and to generate an expiration, and

the mechanical contraction of the lung an impulse tending to inhibit

^ Wien Sitzungshericht, Nov, 5, 1868.
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expiration and to generate an inspiration. Hence according to them the
very expansion of the lungs, which is the natural effect of an inspiration,

tends of itself to cut short that inspiration and to inaugurate the sequent
expiration, and similarly the contraction of an expiration promotes the
following inspiration. They speak in fact of the lungs as being so far

self-regulating. This view, however, though very interesting can perhaps
hardly at present be regarded as proved \

When the central stump of one of the divided vagi is stimulated
with a gentle interrupted current, the respiration, which from the
division of the nerves had become slow, is quickened again ; and
with care, by a proper application of the stimulus, the normal respi-

ratory rhythm may for a time be restored. Upon the cessation of

the stimulus, the slower rhythm returns. If the current be increased

in strength, the rhythm may in some cases be so accelerated that at

last the diaphragm is brought into a condition of prolonged tetanus,

and a standstill of respiration in an extreme inspiratory phase is the
result.

If the central end of the superior laryngeal branch of the vagus be
stimulated, whether the main trunk of the nerve be severed or not, a
slowing of the respiration takes place, and this may by proper stimu-
lation be carried so far that a complete standstill of respiration in the
phase of rest is brought about, i.e. the respiratory apparatus remains
in the condition which obtains at the close of an ordinary expiration,

the diaphragm being completely relaxed. In other words, the
superior laryngeal nerve contains fibres, the stimulation of which
produces afferent impulses whose effect is to inhibit the action of the
respiratory centre ; while the main trunk of the vagus contains fibres,

the stimulation of which produces afferent impulses whose effect is to

accelerate or augment the action of the respiratory centre. In some
cases stimulation of the main trunk of the vagus also causes a slowing
or even standstill of the respiration, especially when the nerve has
become exhausted by previous stimulation. We may explain these
results by supposing that while the superior laryngeal contains only
inhibitory fibres, the main trunk of the vagus contains both accele-

rating and inhibitory fibres, the former however greatly prepon-
derating. While, from the results of simple section of the main
trunk, it is clear that the accelerating fibres are continually at work,
it is not so clear that the inhibitory fibres are always in action, since

section even of both superior laryngeals does not necessarily quicken
respiration.

The statement made above, if not wholly satisfactory, has at least the
merit of reconciling conflicting statements. For a long time a controversy

was carried on between those authors who maintained that stimulation of

the central end of the vagus, w^hen the nerve was divided in the neck,

brought about a tetanic contraction of the diaphi-agm and so had an in-

spiratory effect, and those who observed a complete relaxation to follow

1 Guttmann, Du Bois-Eeymond's Archiv, 1875, p. 500.

19—2
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upon stinmlation and so regarded the effect as expiratory. We are in-

debted to Rosenthal^ for pointing out the contrast between the action of

the main trunk of the vagus and that of the superior laryngeal branch

;

and the view just put forward in the text is in the main that of

Rosenthal, except so far as the existence of any inhibitory fibres at all

in the main trunk is concerned. We further owe to Rosenthal a con-

sistent theory of the manner in which the vagus acts on the respiratory

centre. According to him we may regard the respiratory centre as the

seat of two conflicting forces, one tending to generate respiratory impulses,

and the other offering resistance to the genei-ation of these impulses, the

one and the other alternately gaining the victory and thus leading to

a rhythmic discharge. The afferent impulses passing iipward along the

main trunks of the vagi ai*e further to be looked upon as acting not on
the generation of impulses but on the resistance offered by the centre,

diminishing that resistance in proportion to their intensity. Hence when
the vagi are divided, the central resistance is increased, owing to the

absence of the diminishing effect of the usual afferent impulses, and in

consequence, the respii-atory impulses take a longer time in gathering head
sufficient to overcome the increased resistance and therefore are less fre-

quent, though the discharge when it does occur is proportionately more
forcible. Stimulation of the divided vagi on the other hand by increasiug

the afferent impulses and so diminishing the central resistance renders

the discharges more frequent. The impulses which ascend to the medulla
along the superior laryngeal branches may in like manner be regarded

as increasing the central resistance, and thus as inhibitory of the respi-

ratoiy discharge.

It is obvious that this theory, though constructed chiefly with the view
of explaining inspiratory impulses and their inhibition, must, in order to

be satisfactory, also include the consideration of distinctly expiratory im-

pulses. For in laboured respiration we must in some way or other admit
the existence of specific expiratory impulses, and if Hering and Breuer's

view be correct, the vagus must even in ordinary bi-eathing be the channel

of stimuli which excite expiratory impulses. Rosenthal regards the expi-

ratory regions of the respiratory centre as being less irritable and requiring

a stronger stimulus than the inspiratory regions, and therefore brought
into play to any extent only when the blood is less arterial than usual.

Stimulation of the central end of the inferior laryngeal is said to

have an inhibitory effect like that of the superior laryngeal, but much
slighter^

This double or alternate respiratory action of the vagi may be
taken as in a general way ilhistrative of the manner in which other
afferent nerves and various parts of the cerebrum are enabled to

influence respiration, this or that afferent impulse, started by a
stimulus applied to the skin or elsewhere, or by an emotion and
the like, playing, according to circumstances, now an inhibitory now
an accelerating part. As we know from daily experience, of all the
apsychical nervous centres, the respiratory centre is the one which

1 Die Athenibeioccjungen, 1862, and Du Bois-Eeymond's Arcldv, 1864, p. 456; 18C5, '

p. 191 ; 1870, p. 42;:;.

^ lio^eutlial, Aulomat. Ncrven-Ccntra, 1875.
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is most frequently and most deeply affected by nervous impulses
from various quarters.

The one thing, however, which above others affects the respiratory

centre, is the condition of the blood in respect to its respiratory

changes ; the more venous (less arterial) the blood, the greater is the

activity of the respiratory centre. When by reason either of any
hindrance to the entrance of air into the chest, or of a greater

respiratory activity of the tissues, as during muscular exertion,

the blood becomes less arterial, more venous, i.e. with a smaller

charge of oxyhsemoglobin and more heavily laden with carbonic

acid, the respiration from being normal becomes laboured. This
effect of deficient arterialization of blood is very different from that

of section of the vagi ; it is no mere change in the distribution of

impulses ; the breathing is quicker as well as deeper, there is an
increase of the sum of efferent impulses proceeding from the centre,

and the expiratory impulses, which in normal respiration are very
slight, acquire a pronounced importance. As the blood becomes, in

cases of obstruction, less and less arterial, more and more venous, the

discharge from the respiratory centre becomes more and more vehe-
ment, and instead of confining itself to the usual tracts, and passing

down to the ordinary respiratory muscles, overflows into other tracts,

puts into action other muscles, until there is perhaps hardly a muscle
in the body which is not made to feel its effects. And this dis-

charge may, as we shall see in speaking of asphyxia, continue till the

nervous energy of the respiratory centre is completely exhausted.

The effect of venous blood then is to augment these natural ex-

plosive decompositions of the nerve-cells of the respiratory centre

which give rise to respiratory impulses ; it increases their amount,
and also quickens their rhythm. The latter change however is

always much less marked than the former, the respiration in dyspnoea

being much more deepened than hurried, and the several respiratory

acts are never so much hastened as to catch each other up, and so to

produce an inspiratory tetanus like that resulting from stimulation of

the vagus. On the contrary, especially as exhaustion begins to set

in, the rhythm becomes slower out of proportion to the weakening of

the individual movements.

There seem to be two distinct kinds of dyspnoea. In one with in-

creased depth the rhytlim is not proportionately quickened or may even be
diminished. Thus in the dyspnoea caused by section of the phrenic nerves,

the rhythm falls notably'. In the other, which may be called the asth-

matic type, the rhythm is hurried, while the depth of each breath is not
increased but, in many cases at least, diminished.

On the other hand, the blood may be made not more but less

venous than usual. This condition may be brought about by an
animal being made to inspire oxygen, or to breathe for a time more
rapidly and more forcibly than the needs of the economy require.

1 Purkinje, quoted by Hering and Breuer, Op. cit.
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If in a rabbit artificial respiration is carried on very vigorously for a
while, and then suddenly stopped, the animal does not immediately
begin to breathe. For a variable period no respiration takes place at

all, and when it does begin occurs gently and normally, only passing

into dyspnoea if the animal is unable to breathe of itself, and then
quite gradually. Evidently during this period the respiratory centre

is in a state of complete rest, no explosions are taking place, no
respiratory impulses are being generated, and the quiet transition from
this condition to that of normal respiration shews that the subsequent
generation of impulses is attended by no great disturbance. The
cause of this state of things, which is known as that of apnoea, is to be
sought for in the condition of the blood. By the increased vigour of

the artifical respiratory movements the haemoglobin of the arterial

blood, which is naturally not quite saturated, becomes almost
completely so, and the dissolved oxygen is increased, its tension

being largely augmented. Respiration is arrested because the blood
is more highly arterialized than usual. Thus we have in apnoea the
converse to dyspnoea ; and both states point to the same conclusion,

that the activity of the respiratory centre is dependent on the
condition of the blood, being augmented when the blood is less

arterial and naore venous, being depressed when it is more arterial

and less venous than usual.

The question now arises. Does this condition of the blood affect

the respiratory centre directly, or does it produce its effect by
stimulating the peripheral ends of afferent nerves in various parts of

the body, and, by the creation there of afferent impulses, indirectly

modify the action of the centre ? Without denying the possibility that

the latter mode of action may help in the matter, as regards not only

the vagi, but all afferent nerves, it is clear from the following reasons

that the main effect is produced by the direct action of the blood on
the respiratory centre itself. If the spinal cord be divided below the
medulla oblongata, and both vagi be cut, want of proper aeration

of the blood still produces an increased activity of the respiratory

centre, as shewn by the increased vigour of the facial respiratory

movements. If the supply of blood be cut off from the medulla by
ligature of the blood-vessels of the neck, dyspnoea is produced,
though the operation produces no change in the blood generally,

but simply affects the respiratory condition of the medulla itself,

by cutting off its blood-supply, the immediate result of which is

an accumulation of carbonic acid and a paucity of available oxygen
in the protoplasm of the nerve-cells in that region. If the blood in

the carotid artery in an animal be warmed above the normal,

dyspnoea is at once produced. The over-warm blood hurries on the

activity of the nerve-cells of the respiratory centre, so that the

normal supply of blood is insufficient for their needs. The condition

of the blood then affects respiration by acting directly on the respira-

tory centre itself.

Deficient aeration produces two effects in blood : it diminishes the
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oxygen, and increases the carbonic acid. Do both of these changes
affect the respiratory centre, or only one, and if so, which ? When
an animal is made to breathe an atmosphere containing nitrogen

only, the exit of carbonic acid by diffusion is not prevented, and the

blood contains no excess of carbonic acid'^. Yet all the phenomena of

dyspnoea are present. In this case these can only be attributed to

the deficiency of oxygen. On the other hand, if an animal be made to

breathe an atmosphere rich in carbonic acid, but at the same time
containing abundance of oxygen, true dyspncea does notoccwr. The
animal suffers from symptoms similar to those caused by the poisons

known as narcotic. It becomes sleepy, drowsy, and finally un-
conscious, but though the respiration is modified, actual dyspncBa

and asphyxia are not produced. The carbonic acid acts on some
portions of the cerebrum, but has no specific respiratory action on
the respiratory centre. These facts leave no doubt that the action

of deficiently arterialized blood on the respiratory centre, as mani-
fested in an augmentation of the respiratory explosions, is due
primarily to a want of oxygen, .and .not to an excess of carbonic acid.

Sec. 7. The Effects oy Respieation on the Circulation.

We have seen, while treating of the circulation, .that the blood-

pressure curves are marked by undulations, which, since their rhythm
is synchronous with that of the respiratory movements, are evidently

in some way connected with respiration. When the brain of a living

mammal is exposed by the removal of the skull, a rhythmical rise

and fall of the cerebral mass, a pulsation of the brain, is observed

;

and upon examination it will be found that these pulsations are

synchronous with the respiratory movements, the brain rising up
during expiration and sinking during inspiration. They disappear

when the arteries going to the brain are ligatured, or when the

venous sinuses of the dura mater are laid open so as to admit of a

free escape of the venous blood. They evidently arise from the

expiratory movements in some way hindering and the inspiratory

movements assisting the return of blood from the brain. We have
already (p. 106) stated that during inspiration the pressure of blood in

the great veins may become negative, i.e. sink below the pressure of

the atmosphere ; and a puncture of one of these veins may cause

immediate death by air being actually drawn into the vein and thus

into the heart during an inspiratory movement. When the veins of

an animal are laid bare in the neck and watched, the so-called pulsus

venosus may be observed in them, that is, they swell up during

expiration and diminish again during inspiration. And indeed a

little consideration will shew that the expansion and contraction of

the chest must have a decided effect on the flow of blood through the

1 Pfliiger, Pflugefs ArcMv, i. (1868) p. 61.
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thoracic portion and tlms indirectly througli the whole of the vascular
system.

The heart and great blood-vessels are, like the lungs, placed in

the air-tight thoracic cavity, and are subject like the lungs to the
pumping action of the respiratory movements. Were the lungs
entirely absent from the chest, the whole force of the expansion of

the thorax in inspiration would be directed to drawing blood from
the extra-thoracic vessels towards the heart, and conversely the
effect of the contraction of the thorax in expiration would be to

drive the blood back again from the heart towards the extra-thoracic

vessels. In the presence of the lungs however the free entrance of

air into the interior of the chest tends to maintain the pressure
around the heart and great vessels within the thorax equal to the
ordinary atmospheric pressure on the vessels of the rest of the body
outside the thorax ;. but it is unable completely to equalize the two
pressures. Did the air enter as freely into the lungs as it does into

the pleural cavities when wide openings are made in thoracic walls,

the respiratory movements would have very little effect indeed
on the flow of blood to and from the heart, just as under similar

circumstances (p. 255) they would be ineffectual in promoting the

entrance and exit of air to and from the lungs. But the air does not

pass into the pulmonary alveoli as freely as it would do into a
pleural cavity tlirough an opening in the thoracic wall. Before the
inspired air can fill a pulmonary alveolus, the walls of the alveolus

have to be distended at the expense of the pressure which causes the

inspired air to enter. Part of the atmospheric pressure in fact

which causes the entrance of the air into the lung is spent in over-

coming the elasticity of the pulmonary passages and cells. Conse-
quently, any structure lying within the thorax but outside the
lungs, is never, even at the conclusion of an inspiration when the
lungs are filled with air, subject to a pressure as great as that of the

atmosphere. The pressure on such a structure always falls short of

the pressure of the atmosphere by the amount of pressure necessary

to counterbalance the elasticity of the^ pulmonary passages and cells.

And, since the fraction of the- atmospheric pressure which is thus
spent in distending the lungs increases as the lungs become more
and more stretched, it follows that the fuller the inspiration the

greater is the difference between the pressure on structures outside

the lungs but within the thorax and the ordinary pressure of the

atmosphere. Now we have seen (j). 255) that the pressure necessary

to counterbalance the elasticity of the lungs, when they are com-
pletely at rest (in the pause between expiration and inspiration), is

in man about 5 to 7 mm. of mercury, and that when the lungs are

fully distended, as at the end of a forcible inspiration, the pressure

rises to as much as 30 mm. of mercury. Hence at the height of a

forcible inspiration the pressure exerted on the heart and great

vessels within the thorax is 30 mm. less than the ordinary atmospheric

pressure of 760 mm., and even when the chest is completely at rest,
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at the end of an expiration, the pressure on the heart and great
vessels is slightly (by about 5 mm, mercury) below that of the
atmosphere.

During an inspiration then the pressure around the heart and
great blood-vessels becomes considerably less than that of the
atmosphere on the vessels outside the thorax. During expiration

this pressure returns towards that of the atmosphere, but in ordinary
breathing never quite reaches it. It is only in forcible expiration

that the pressure on the thoracic vascular organs exceeds that of the
atmosphere. But if during inspiration the pressure bearing on the
right auricle and the vense cavse becomes less than the pressure
which is bearing on the jugular, subclavian, and other veins, outside

the thorax, this must result in an increased flow from the latter

into the former. Hence, during each inspiration a larger quantity
of blood enters the right side of the heart. This probably leads to

a stronger stroke of the heart, and at all events causes a larger

quantity to be ejected by the right ventricle; this causes a larger

quantity to escape from the left ventricle, and thus more blood is

thrown into the aorta, and the arterial tension proportionately in-

creased. During expiration the converse takes place. The pressure

on the intra-thoracic blood-vessels returns to the normal, the flow of

.blood from the veins outside the thorax into the venge cavse and
right auricle is no longer assisted, and in consequence less blood
passes through the heart into the aorta, and arterial tension falls

again. During forced expiration, the intra-thoracic pressure may be
so great as to afford a distinct obstacle to the flow from the veins into

the heart.

The effect of the respiratory movements on the arteries is natu-
rally different from that on the veins. During inspiration, the aortic

arch, from the diminution of pressure outside it, tends to expand; in

consequence the pressure of blood within it, i.e. the arterial tension,

tends to diminish. During expiration, the increase of pressure out-

side the aortic arch of course tends to increase also the blood-

pressure within it, acting in fact just in the same way as if the coats

of the aorta themselves contracted. Thus the effects of the respira-

tory movements on the great veins and great arteries respectivel}?",

are, as far as arterial blood-pressure is concerned, antagonistic to each
other; the effect on the veins being to increase arterial tension

during inspiration and to diminish it during expiration, while the
effect on the arteries is to diminish arterial tension during inspira-

tion and to inci'ease it during expiration. But we should naturally

expect the effect on the thin-walled veins to be greater than that on
the stout thick-walled arteries, so that the total effect of inspiration

would be to increase, and the total effect of expiration to diminish,

arterial tension.

These facts seem at first sight to afford a ready explanation of

the respiratory undulations of the blood-pressure curve ; the rise of

^pressure in each undulation might be supposed to be due to the
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inspiratory, the fall to the expiratory movement. When however the

respiratory undulations of the blood-pressure curve are compared
carefully with the variations of intra-thoracic pressure, it is seen

that neither the rise nor the fall of the former are exactly syn-

chronous with either diminution or increase of the latter. Fiff. 42

Fig. 42. COMPAEISON OF BlOGD-PrESSUEE CURVE WITH CURVE OF InTRA-THORACIC
Pressure. To be read from left to right.

a is the blood-pressure curve, with its respiratory undulations, the slower beats on
the descent being very marked. 6 is the curve of intra-thoraoic pressure obtained by
connecting one limb of a manometer with the pleural cavity. Inspiration begins at i,

expiration at e. The intra-thoracic pressure rises very rapidly after the cessation of the
inspiratory effort, and then slowly falls as the air issues from the chest ; at the beginning
of the inspu'atory effort the fall becomes more rapid.

shews two tracings from a dog taken at the same time, one, a, being

the ordinary blood-pressure curve from the carotid, and the other,

h, representing the condition of the intra-thoracic pressure, as ob-

tained by carefully bringing a manometer into connection with the

pleural cavity. On comparing the two curves, it is evident that

neither the maximum nor the minimum of arterial pressure coincides

exactly either with inspiration or with expiration. At the beginning

of inspiration {i) the arterial pressure is seen to be falling; it soon

however begins to rise, but does not reach the maximum until some
time after expiration (e) has begun ; the fall continues during the

remainder of expiration, and passes on into the succeeding inspira-

tion. In order to reconcile the facts represented by these curves

with the mechanical explanation given above, we must suppose that

the beneficial effects of the inspiratory movement in the larger

supply of blood brought to the heart, take some time to develope

themselves, and last beyond the movement itself.

But there are phenomena which shew that the respiratory undu-
lation is more complex in its causation than would at first sight

appear; that other infiuences besides simply mechanical ones are at

work. One striking feature of the respiratory undulation in the

blood-pressure curve of the dog is the fact that the pulse-rate is
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quickened during the rise of the undulation and becomes slower

during the fall. The quickening of the beat might be considered as

itself partly accounting for the rise, were it not for two facts. In the

rabbit, the respiratory undulations, though well marked, present a
very small difference of pulse-rate in the rise and fall. In the dog,

the difference is at once done away with, without any other essential

change in the undulations, by section of both vagi. Evidently the

slower pulse during the fall is caused by a coincident stimulation of

the cardio-inhibitory centre in the medulla oblongata^ the quicker

pulse during the rise being due to the fact that, during that interval,

the centre is comparatively at rest. We have here most impor-

tant indications that, while the respiratory centre in the medulla
oblongata is at work, sending out rhythmic impulses of inspiration

and expiration, the neighbouring cardio-inhibitory centre is, as it

were by sympathy, thrown into an activity of such a kind that its

influence over the heart waxes and wanes with each respiratory

movement.
But if the cardio-inhibitory centre is thus synchronously affected,

ought we not to expect that the vaso-motor centre should also be
involved in the action ? We have very clear evidence that it is.

When, in an animal under urari, artificial is substituted for natural

respiration, undulations of the blood-pressure curve are observed

(Fig. 48, 1) similar in character to, though less in extent than, those

seen under natural conditions. Now in artificial respiration, the

mechanical conditions, under which the thoracic viscera are placed

as regards pressure, are the exact opposite of those existing

during natural respiration; for the pressure within the chest is

increased instead of diminished, when air is blown into the

trachea to distend the lungs. Evidently the respiratory undu-
lations of blood-pressure which occur during artificial respiration

cannot be explained on the same mechanical grounds.

Moreover, similar undulations are witnessed in the absence of all

respiratory movements, and are also seen when the chest is opened,

the heart removed, and an artificial circulation of blood kept up by
means of a mechanical pump. In this case they cannot be at all

connected with events going on in the chest; they must be dependent
on variations in the peripheral resistance of the vascular system.

When artificial respiration is stopped, a very large but steady rise

of pressure is observed. This may be in part due to the increased

force of the cardiac beat, caused by the increasingly venous character

of the blood ; but only in part, and that a small part. The rise so

witnessed is very similar to that brought about by powerfully stimu-

lating a number of vaso-constrictor nerves; and there can be no doubt
that it is due to the venous blood stimulating the vaso-motor centre

in the medulla, and thus causing constriction of the small arteries of

the body. We say ' stimulating the vaso-motor centre,' because,

though possibly the venous blood may act directly on local periphe-

ral mechanisms, or on the muscular coats of the small arteries them-



300 RESPIRATION AND CIRCULATION. [Book ii.

'
i ! \

\ ! i

1 • \ i

' i

\ ! i

1 : \

'•

i 1 i 1 /

i; !i V
1/

A
1 i\

IP'

I I
W i / 1

1/ V 1/

1/ i/

Fig. 43. Traubr's Curves. To be read from left to right.

The curves 1, 2, 3, 4, 5, were taken at intervals, and all form part of one experi-

ment. Each curve is placed in its proper position relative to the base line, which, to

save space, is omitted. During 1, artificial respiration was kept up, the undulations

visible are therefore not due to the mechanical action of the chest. When the

artificial respiration was suspended these undulations for a while disappeared, and
the blood-pressure rose steadily while the heart-beats became slower. Soon, as shewn
in cui've 2, the imdulations re-appeared. A httle later, the blood-pressure was still

rising, the heart-beats still slower, but the undulations still obvious (curve 3). Still

later (ciuwe 4), the pressure was still higher, but the heart-beats were qmcker, and the

undulations flatter. The pressure then began to fall rapidly (curve 5), and con-

tinued to fall until some time after artificial respu-ation was resumed.

selves, the fact that the rise of pressure under these circumstances is

a very sKght one when the spinal cord has been previously divided

below the medulla, shews that it is the centre itself which plays the

chief part. Similarly, section of the spinal cord, it is said, obliterates

or largely diminishes the undulations seen in artificial respiration.

Moreover, though when artificial respiration is suddenly stopped, the

respiratory undulations cease also, the blood-pressure curve rising

steadily in almost a straight line
;
yet after a wliile new undulations,

the so-called Traube's curves, make their appearance (Fig. 43, 2, 3),

very similar to the previous ones, except that their curves are larger

and of a more sweeping character. These new undulations—which,

since they appear in the absence of all thoracic movements, passive

or active, and are witnessed even when both vagi are cut, must be of

vaso-motorial origin—are maintained as long as the blood-pressure

continues to rise. With the increasing venosity of the blood,
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however, botli tlie vaso-motor centre and the heart become ex-

hausted; the undulations disappear, and the blood-pressure rapidly

sinks. Relying on the obvious nature of these curves of Traube, we
are led to the view that the rhythmic undulations seen in artificial

respiration are due to a rhythmic stimulation of the vaso-motor
centre, a stimulation which is dependent for its amount on the

venous character of the blood circulatiog through the medulla oblon-

gata. And if this is the case with artificial respiration, we may infer

that a similar rhythmic stimulation of the vaso-motor centre is in

part at least the cause of the undulations seen during natural

breathing. Hence the peculiar features of these undulations may
be considered as due partly to the mechanical conditions of the flow

of blood through the thorax, and partly to a rhythmic stimulation

both of the vaso-motor centre and of the cardio-inhibitory centre,

synchronous as far as the mere repetition of the rhythm is concerned
with the stimulation of the respiratory centre itself.

Fuixke and Latsclieuberger* have brought forward the ingenious sugges-

tion that the mere expansiou and collapse of the lungs, whether brought
about by thoracic aspirations as in natural, or by tracheal pressure as in

artificial respiration, by affecting the capacity of the pulmonary capillaries,

modifies the flow through the luugs from the right to the left side of

the heart, and so produces A^ariations in arterial pressure. They argue
that the act of expansion of the lungs, by stretching and thus narrowing
the pulmonary capillaries, forces an extra quantity of blood fi-om the
capillaries into the left side of the heart and so increases the pressure

in the aoi-taj and conversely in the expiratory collapse of the pulmonary
alveoli, the capillaries in regaimng their normal width are able for

the time being to hold in themselves a larger quantity of blood, and so

to reduce the flow into the left auricle and to diminish temporarily the

arterial pressure. It follows of course that the permanent condition of

expansion is (with narrow capillaries) unfavourable, and that of expiration

(with wider capillaries) favourable to the flow of blood from the right

to the left side of the heart, so that the immediate results of each kind
of movement are in time followed by eflfects of an opposite kind. And
the authors, by help of these views, oflfer very ingenious explanations of

the variations in blood-pressure which accompany variations in the rhj^hm
and character of the respiratory movements. But further experiments
and criticism are necessary before their theory can be accepted, as they
propose, as a substitute for the vaso-motor theory, or even as demon-
strating the presence of a third factor in the production of the undulations.

It may be remarked that in tlie development of Traube's curves the

vaso-motor centre manifests a rhythm of its own. The action of the stimu-

lus, viz. of the venous blood, is constant, yet the activity of the centre rises

and falls in periods determined by itself: in other words, the vaso-motor

centre, like so many other centres, is capable of manifesting a rhythmic
automatism. Since however in natural respiration the rhythm of the vaso-

motor centre is synchi-onous with that of the respiratory centre (though

the maximum of activity does not fall exactly at the same tune in each),

1 Pfliiger's ArcMv, xv. (1877) 405.
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we must suppose that the latter is able by irradiation or in some other way
to regulate the rhythm of the former, and thus to bring it into harmony
with itself.

It has been suggested that the increased frequency of beat during the

inspiratory phase may be due to the mechanical distension of the lungs,

whereby afferent impulses are transmitted along the vagus, which by
inhibiting the cardio-inhibitory centre cause an increased frequency of beat.

But the experiments on which this view is based are not conclusive.

Sec. 8. The Effects of Changes in the Air breathed.

The Effects of deficient Air. Asphyxia,

When, on account of occlusion of the trachea, or by breathing in

a confined space, a due supply of air is not obtained, normal respira-

tion gives place through an intermediate phase of dyspnoea to the

condition known as asphyxia; this, unless remedial measures be
taken, rapidly proves fatal.

Phenomena of Asphyxia. As soon as the oxygen in the arterial

blood sinks below the normal, the respiratory movements become
deeper and at the same time more frequent; both the inspiratory

and expiratory phases are exaggerated, the supplementary muscles
spoken of at p. 262 are brought into play, and the rate of the rhythm
is hurried. In this respect, dyspnoea, or hyperpnoea as this first

stage has been called, contrasts very strongly with the peculiar respi-

ratory condition caused by section of the vagi, in which the respira-

tory movements, Avhile much more profound than the normal, are

diminished in frequency.

As the blood continues to become more and more venous the

respiratory movements continue to increase both in force and fre-

quency, a larger number of muscles being called into action and
that to an increasing extent. Very soon, however, it may be observed
that the expiratory movements are becoming more marked than the

inspiratory. Every muscle which can in any way assist in expiration

is in turn brought into play; and at last almost all the muscles of

the body are involved in the struggle. The orderly expiratory move-
ments culminate in expiratory convulsions, the order and sequence of

which is obscured by their violence and extent. That these convul-

sions, through which dyspnoea merges into asphyxia, are due to a
stimulation of the medulla oblongata by the venous blood, is proved
by the fact that they fail to make their appearance when the spinal

cord has been previously divided below the medulla, though they
still occur after those portions of the brain which lie above the me-
dulla have been removed. It is usual to speak of a ' convulsive cen-

tre' in the medulla, the stimulation of which gives rise to these

convulsions ; but if we accept the existence of such a centre we must
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at the same time admit that it is connected by the closest ties

with the normal expiratory division of the respiratory centre, since

every intervening step may be observed between a simple slight

expiratory movement of normal respiration and the most violent

convulsion of asphyxia. An additional proof that these convulsions

are carried out by the agency of the medulla is afforded by the

fact that convulsions of a wholly similar character are witnessed

when the supply of blood to the medulla is suddenly cut off by
ligaturing the blood-vessels of the head. In this case the nervous
centres, being no longer furnished with fresh blood, become rapidly

asphyxiated through lack of oxygen, and expiratory convulsions quite

similar to those of ordinary asphyxia, and preceded like them by a
passing phase of dyspnoea, make their appearance. Similar 'anaemic'

convulsions are seen after a sudden and large loss of blood from the
body at large, the medulla being similarly stimulated by lack of

arterial blood.

Such violent efforts speedily exhaust the nervous system ; and the

convulsions after being maintained for a brief period suddenly cease

and are followed by a period of calm. The calm is one of exhaustion;

the pupils, dilated to the utmost, are unaffected by light ; touching
the cornea calls forth no movement of the eyelids, and indeed no
reflex actions can anywhere be produced by the stimulation of sen-

tient surfaces. All expiratory active movements have ceased; the
muscles of the body are flaccid and 'quiet ; and though from time to

time the respiratory centre gathers sufficient energy to develope
respiratory movements, these resemble those of quiet normal breath-

ing, in being, as far as muscular actions are concerned, almost entirely

inspiratory. They occur at long intervals, like those after the section

of the vagi ; and like them are deep and slow. The exhausted respi-

ratory centre takes some time to develope an inspiratory explosion

;

but the impulse when it is generated is proportionately strong. It

seems as if the resistance which had in each case to be overcome
was considerable, and the effort in consequence, when successful,

productive of a large effect.

As time goes on, these inspiratory efforts become less frequent

;

their rhythm becomes irregular ; long pauses, each one of which
seems a final one, are succeeded by several somewhat rapidly re-

peated inspirations. The pauses become longer, and the inspiratory

movements shallower. Each inspiration is accompanied by the con-

traction of accessory muscles, especially of the face, so that each
breath becomes more and more a prolonged gasp. The inspiratory

gasps spread into a convulsive stretching of the whole body; and
with extended limbs, and a straightened trunk, with the head thrown
back, the mouth widely open, the face drawn, and the nostrils dilated,

the last breath is taken in.

Thus we are able to distinguish three stages in the phenomena
which result from a continued deficiency of air:—(1) A stage of

dyspnoea, characterized by an increase of the respiratory movements
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both of insj^iration and expiration, (2) A convulsive stage, cliarac-

terized by the dominance of the expiratory efforts, and cuhxiinating

in general convulsions. (3) A stage of exhaustion, in which lingering

and long-drawn inspirations gradually die out. When brought about

by sudden occlusion of the trachea these events run through their

course in about 4 or 5 minutes in the dog, and in about 3 or 4

minutes in the rabbit. The first stage passes gradually into the

second, convulsions appearing at the end of the first minute. The
transition from the second stage into the third is somewhat abrupt,

the convulsions suddenly ceasing early in the second minute. The
remaining time is occupied in the third stage.

Tlie duration of asphyxia varies not only in different animals but in the

same animal under dii3ei*ent circumstances. Newly born and young animals

need much longer immersion in water before death by asphyxia occurs than

do adults. Thus while in a full-grown dog recovery from drowning is un-

usual after 1^- minutes, a new-born puppy has been known to bear an"

immersion of as much as 50 minutes. The cause of the difference lies in the

fact that in the young animal the respiratory changes of the tissues are much
less active. These consume less oxygen, and the general store of oxygen in

the blood has a less rapid demand made upon it. The respiratory activity of

the tissues may also be lessened by a deficiency in the circulation ; hence

bodies in a state of syncope at the time when the deprivation of oxygen
begins can endure the loss for a much longer period than can bodies in

which the circulation is in full swing. There being the same store of oxygen
in the blood in each case, the quicker circulation must of necessity bring

about the speedier exhaustion of the store. In many cases of drowning,

death is hastened by the entrance of water into the lungs.

By training, the respiratory centre may be accustomed to bear a scanty

supply of oxygen for a much longer time than usual before dyspnoea sets in,

as is seen in the case of divers.

The phenomena of slow asphyxia, where the supply of air is

gradually diminished, are fundamentally the same as those resulting

from a sudden and total deprivation. The same stages are seen, but

their development takes place more slowly.

The circulation in Asphyxia. If the carotid or other artery of

an animal be connected with a manometer during the development

of the asphyxia just described, the following facts may be observed.

During the first and second stages the blood-pressure rises rapidly,

attaining a height far above the normal. During the third stage it

falls even more rapidly, repassing the normal and becoming nil as

death ensues. The respiratory undulations of the pressure-curve

are abrupt and somewhat irregular, the inspiratory movements being

accompanied by a fall of pressure. When the animal has been

joreviously placed under urari, so that the respiratory impulses can-

not manifest themselves by any muscular movements, the rise of

tlie pressure curve, as we have already said, is at first steady and

unbroken, but after a variable period Traube's curves make their
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appearance. As during the third stage the pressure sinks, these
undulations pass away.

The heart-beats are at first somewhat quickened, but speedily

become slow, while at the same time they acquire gr^at force ; so that

the pulse-curves on the tracing are exceedingly bold and striking, Fig.

43. Even while the blood-pressure is sinking, the pulse-curves still

maintain somewhat these characters ; and the heart continues to beat
for some seconds after the respiratory movements have ceased, the
strokes at last rapidly failing in frequency and strength.

If the chest of an animal be opened under artificial respiration,

and asphyxia brought on by cessation of the respiration, it will be
seen that the heart durins^ the second and third staofes becomes com-
pletely gorged with venous blood, all the cavities as well as the large

veins being distended to the utmost. If the heart be watched to the
close of the events, it will be seen that the feebler strokes which
come on towards the end of the third stage are quite unable to empty
its cavities; and when the last beat has passed away its parts are

still choked with blood. The veins spirt out when pricked : and it

may frequently be observed that the beats recommence when the
over-distension of the heart's cavities is relieved by puncture of the
great vessels. When rigor mortis sets in after death by asphyxia^

the left side of the heart is more or less emptied of its contents ; but
not so the right side. Hence in an ordinary post-mortem examina-
tion in cases of death by asphyxia, while the left side is found compa-
ratively empty, the right appears gorged.

These various phenomena are probably brought about in the
following way.

The increasingly venous character of the blood augments the

action of the general vaso-motor centre, and thus leads to a general

constriction of the small arteries. This is the cause of the markedly
increased blood-pressure; though, as we have already said, possibly

the venous blood may also act directly on the peripheral vaso-motor
mechanism or on the muscular arterial coats, or may even affect the

peripheral resistance by modifying the changes in the capillary

regions, see p. 173.

This increased peripheral resistance, while indirectly (p. 150)
helping to augment the force of the heart's beat, is a direct obstacle

to the heart emptying itself of its contents. On the other hand, the

increased respiratory movements favour the flow of venous blood
towards the heart, which in consequence becomes more and more
fuU. This repletion is moreover assisted by the marked infrequency

of the beats. This in turn depends in part on the cardio-inhibitory

centre in the medulla being stimulated by the venous blood ; since

when the vagi are divided the infrequency is much less pronounced.

It does not however disappear altogether; and we are therefore driven

to suppose it is in part due to the venous blood acting in an inhibi-

tory manner directly on the heart itself. The increased resistance

in front, the augmented supply from behind, and the long pauses

F. P. 20
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between the strokes, all concur in distending the heart more and
more.

When the large veins have become full of blood the inspiratory

movements can no longer have their usual effect in increasing the

blood-pressure. The whole force of the chest movement, as far as

the circulation is concerned, is spent in diminishing the pressure

around the large arteries ; and hence the sinking of the blood-pres-

sure during each inspiratory movement.
The distension of the cardiac cavities, at first favourable to the

heart-beat, as it increases becomes injurious. At the same time the

cardiac tissues, which at first probably are stimulated, after a while

become exhausted by the action of the venous blood ; and the strokes

of the heart become feebler as well as slower.

On accovmt of this increasing slowness and feebleness of the

heart's beat, the blood-pressure, in spite of the continued arterial

constriction, begins to fall, since less and less blood is pumped into_

the arterial system ; the boldness of the pulse-curves at this stage

being chiefly due to the infrequency of the strokes. As the quantity

which passes from the heart into the arteries becomes less second by
second, the pressure gets lower and loAver, the descent being assisted

by the exhaustion of the vaso-motor centre, until almost before

the last beats it has sunk to zero. Thus at the close of asphyxia,

while the heart and venous system are distended with blood, the ar-

terial system is less than normally full.

The Effects of an increased supply of Air. Apnoea.

It is a matter of common experience that after several inspiratory

efforts of greater force than ordinary, the breath can be held for

a much longer time than usual. In other words, by an increased

respiratory action, the blood can be brought into such a condition

that the generation of the respiratory impulses in the medulla is

delayed beyond the usual time ; the desire to breathe can then
be resisted for a longer time than usual. This state of things,

which we can easily produce in ourselves, is the beginning of that

peculiar condition brought about by a too vigorous respiration, or

by the inhalation of oxygen, to which we have already (p. 293)
referred under the name of 'apnoea^' The essential feature of

apnoea consists in the blood containing for the time being more
oxygen than usual. In consequence of this a longer time is needed
before the deficiency of oxygen in the blood of the capillaries of

the medulla oblongata, or rather in the nerve-cells constituting the

respiratory centre, reaches the limit which determines the discharge

of a respiratory impulse. The molecular processes of these cells are

so arranged, that whenever the oxygen which is available for their

^ It is to be regretted that this name is used hy some medical authorities in a sense

almost identical with asphyxia. In its physiological sense, as here used, it is the very
opposite of asx>hyxia.
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•use sinks below, a certain level, respiratory explosions occur whereby
a fresh supply of oxygen is gained. By increasing their available

oxygen, the explosive action of the cells is deferred and diminished

;

that is, apncBa is established. Similarly when the supply of oxygen
is diminished, the explosions are hastened and increased, that is,

dyspnoea is brought about. The different conditions of the respira-

tory centre during apnoea, normal breathing or eupncea, and dyspnoea,

are well shewn by the different effects produced by stimulating the

afferent fibres of the trunk of the vagus with the same stimulus

during the three stages. If the current chosen be of such a strength

as will gently increase the rhythm of normal breathing, it will be
found to have no effect at all in apnoea, while in dyspnoea it may
produce almost convulsive movements. Indeed in well-marked

apnoea, even strong stimulation of the vagus may produce no effect

whatever.

According to Ewald^ the hsemoglobin of the blood during apnoea be-

comes perfectly or almost perfectly saturated with oxygen. The absolute

increase does not seem great, from •! to '9 p. c. vol. The tension at which
this increment exists is however very great. The venous blood, if the

artificial respiration, used to produce the apnoea, be carefully carried out,

contains more oxygen than the normal and appears of a bright red colour.

In cases where the artificial respiration interferes with the pulmonary cir-

culation and so reduces the rapidity of the general flow of blood, the venous

blood may be even darker than usual ^

The Effects of changes in the Composition of the Air breathed.

Deficiency of Oxygen. This we have already seen (p. 294) is the

true cause of dyspnoea and of asphyxia.

Excess of Oxygen. This, except in the cases which we shall con-

sider immediately, produces apnoea.

Excess or deficiency of Nitrogen. Variations in amount of

nitrogen have, per se, no effect at all. The gas is eminently an
indifferent gas as far as physiological processes are concerned.

Excess of Carbonic Acid. When an animal is made to breathe an
atmosphere containing an excess of carbonic acid in the presence of

an ample supply of oxygen, the breathing becomes laboured, the

respiratory movements being deeper and more frequent. True dyspnoea

however does not set in, and death does not take place by convulsions

and. asphyxia ; the symptoms on the contrary resemble those of an
animal under the influence of a narcotic poison such as opium.

Poisonous gases. Carbonic oxide produces the same effects as

deficiency of oxygen, inasmuch as it preoccupies the haemoglobin

1 Pfliiger's ArcMv, vii. (1873) 575.
2 Finliler and Oertmann. Pfluger's Archiv, sit. (1877) 38.

20—2
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and so prevents the blood from becoming properly oxygenated, see

p. 277. Sulphuretted hydrogen produces similar effects, but in a

different manner ; it acts as a reducing agent, see p. 274. Some gases

are irrespirable, on account of their causing spasm of the glottis, and
this is said to be, to a certain extent, the case with carbonic acid.

The Effects of changes in the Pressure of the Air breathed'^.

Gradual Diminution of Pressure. The symptoms are those of

deficiency of oxygen ; the animals die of asphyxia. The blood con-

tains less and less oxygen as the pressure is reduced, the quantity

present in the arterial blood soon becoming less than that in normal
venous blood. The quantity of carbonic acid in the blood is also

diminished. The increasing dyspnoea is accompanied by great general

feebleness; and convulsions though frequent are not invariable. The
occurrence of these seems to depend on the suddenness with which _

the oxygen of the blood is diminished.

Sudden Diminution. Death in these cases ensues from the

liberation of gases within the blood-vessels and the consequent

mechanical interference with the circulation. The gas which is

found in the blood-vessels on examination after death consists chiefly

of nitrogen.

Increase of Pressure. Up to. a pressure of several atmospheres
of air, merely symptoms of narcotic poisoning, altogether like those

of breathing an excess of carbonic acid, are developed, and there can

be little doubt that they originate from the same cause, viz, the excess

of carbonic acid in the blood. At a pressure however of 4 atmo-
spheres of oxygen, corresponding to 20 atmospheres of air, and up-
wards, a very remarkable phenomenon presents itself The animals

die of asphyxia and convulsions, exactly in the same way as when
oxygen is deficient. Corresponding with this it is found that the

production of carbonic acid is diminished. That is to say, when the

pressure of the oxygen is increased beyond a certain limit, the oxida-

tions of the body are diminished, arid with a still further increase

of the oxygen are arrested altogether. The oxidation of phosphorus

is quite analogous ; at a high pressure of oxygen phosphorus will not

burn, Bert has further shewn that plants, bacteria, and organized

ferments, are similarly killed by a too great pressure of oxygen.

Sec. 9. Modified Eespiratory Movements.

The respiratory mechanism with its adjuncts, in addition to its

respiratory function, becomes of service, especially in the case of man,
as a means of ex^^ressing emotions. The respiratory column of air,

moreover, in its exit from the chest, is frequently made use of in a

1 Paul Bert, Eech. Exp. sur la Pression Baromet. 1874.
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mechanical way to expel bodies from the upper air-passages. Hence
arise a number of peculiarly modified and more or less complicated

respiratory movements, sighing, coughing, laughter, &c. adapted to

secure special ends which are not distinctly respiratory. They are

aJl essentially reflex in character, the stimulus determining each

movement, sometimes affecting a peripheral afferent nerve as in the

case of coughing, sometimes working through the higher parts of

the brain as in laughter and crjdng, sometimes possibly, as in yawning
and sighing, acting on the respiratory centre itself. Like the simple

respiratory act, they may with more or less success be carried out by
a direct effort of the will.

Sighing is a deep and long-drawn inspiration chiefly through the

nose followed by a somewhat shorter, but correspondingly large

expiration.

Yawning is similarly a deep inspiration, deeper and longer con-

tinued than a sigh, drawn through the widely open mouth, and
accompanied by a peculiar depression of the lower jaw and frequently

by an elevation of the shoulders.

Hiccougll consists in a sudden inspiratory contraction of the

diaphragm, in the course of which the glottis suddenly closes, so that

the further entrance of air into the chest is prevented, while the

impulse of the column of air just entering, as it strikes upon the

closed glottis, gives rise to a well-known accompanying sound. The
afferent impulses of the reflex act are conveyed by the gastric

branches of the vagus. The closure of the glottis is carried out by
means of the inferior laryngeal nerve. See Voice.

In sobbing a series of similar convulsive inspirations follow each

other slowly, the glottis being closed earlier than in the case of

hiccough, so that little or no air enters into the chest.

Coughing consists in the first place of a deep and long-drawn
inspiration by which the lungs are well filled wuth air. This is fol-

lowed by a complete closure of the glottis, and then comes a sudden
and forcible expiration, in the midst of which the glottis suddenly
opens, and thus a blast of air is driven through the upper respiratory

passages. The afferent impulses of this reflex act are in most cases,

as when a foreign body is lodged in the larynx or by the side of the

epiglottis, conveyed by the superior laryngeal nerve ; but the move-
ment may arise from stimuli applied to other afferent branches of

the vagus, such as those supplying the bronchial passages and
s'tomach (?) and the auricular branch distributed to the meatus ex-

ternus. Stimulation of other nerves also, such as those of the skin

by a draught of cold air, may develope a cough.

In sneezing the general movement is essentially the same, except

that the opening from the pharynx into the mouth is closed by the

contraction of the anterior pillars of the fauces and the descent of
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the soft palate, so that the force of the blast is driven entirely

throuoh the nose. The afferent impulses here usually come from

the nasal branches of the fifth. When sneezing however is produced

by a bright light, the optic nerve would seem to be the afferent

nerve.

Laugllill^ consists essentially in an inspiration succeeded, not by

one, but by a whole series, often long continued, of short spasmo-

dic expirations, the glottis being freely open during the whole time,

and the vocal chords being thrown into characteristic vibrations.

In crying", the respiratory movements are modified in the same

way as in laughing ; the rhythm and the accompanying facial ex-

pressions are however different, though laughing and crying frequently

become indistinguishable.

Our real knowledge of the physiology of respiration dates back from,

1777, when Lavoisier shewed the true nature of combustion, following

close as this did upon Priestley's demonstration of the identity of respira-

tion and combustion (1771) and discovery of oxygen (1774). Befoi-e that

time the chief steps of progress were, the discovery by Van Helmont (1648)

that gas sylvestre (carbonic acid gas) was unfit for respiration, the demon-

stration by Hook (1664) of the effects of artificial respiration, by Lower

(1669) of the connection with respiration of the drfierence in colour be-

tween venous and arterial blood, by Boyle (1670) of the necessity for respi-

ratory purposes of the air dissolved in water, the observations and reflec-

tions of Mayow (1674) on the spiritus nitro-aereus (oxygen), in which he

narrowly missed anticipating Lavoisier by a century, and the discovery by

Black (1757) of carbonic acid in air. Lavoisier however held that the

respiratory combustion took place in the bronchial tubes, a hydro-carbonous

substance being secreted for that purpose from the blood; and though

Lagrange suggested that the oxygen might be absorbed into and the car-

bonic acid exhaled from the blood, the combustion occurring in the blood or

tissues, and Spallanzani (1803) and W. F. Edwards (1823) shewed that

snails, frogs and young mammals continued to produce carbonic acid in an

atmosphere of hydrogen, whereby direct combustion in the lungs was

rendered impossible, Lavoisier's view held its ground, owing to the difficulty

of extracting gases from the blood, until in 1837 Magnus used the mercu-

rial air-pump and proved that both venous and arterial blood contained

both oxygen and carbonic acid. His researches and those of Lothar Meyer
and Fernet, which followed soon after, form the basis of our present know-

ledge. The labours of Ludwig and his school, of Pfliiger and his pupils,

and of others, have advanced this subject to its present condition. The

spectroscopic discoveries of Hoppe-Seyler and Stokes have proved of great

and increasing importance ; and we are indebted to Rosenthal for a clear

exposition of the nervous mechanism of respiration.



CHAPTER in.

SECRETION BY THE SKIN.

We have traced tlie food from the alimentary canal into the blood,

and, did the state of our knowledge permit, the natural course of our

study would be to trace the food from the blood into the tissues, and
then to follow the products of the activity of the tissues back into

the blood and so out of the body. This however we cannot as yet

satisfactorily do ; and it will be more convenient to study first the

final products of the metabolism of the body, and the manner in

which they are eliminated, and afterwards to return to the discussion

of the intervening steps.

Our food consists of certain food-stuffs, viz. proteids, fats and carbo-

hydrates, of various salts, and of water. In their passage through the

blood and tissues of the body, the proteids are converted into urea

(or some closely allied body), carbonic acid and water, while the fats

and carbohydrates give rise to ca,rbonic acid and water only. Many
of the proteids contain phosphorus and sulphur, and some of the fats

taken as food contain phosphorus; these elements suffer oxidation

into phosphates and sulphates, and then leave the body in the form

of salts.

Broadly speaking then, the waste products of the animal economy
are urea, carbonic acid, salts and water. Of these a large portion of

the carbonic acid, and a considerable quantity of water, leave the body
by the lungs in respiration ; while all (or nearly all) the urea, the

greater portion of the salts, and a large amount of water, with an
insignificant quantity of carbonic acid, pass away by the kidneys.

The work therefore of the remaining excretory tissue, the skin, is

confined to the elimination of a comparatively small quantity of

salts, a little carbonic acid, and a variable but on the whole large

quantity of water in the form of perspiration. The actual excretion,

by the bowel, that is to say, that portion of the fseces which is not

simply undigested matter, we have seen to be very small.

The nature and amount of Perspiration.

The quantity of matter which leaves the human body by way of

the skin is very considerable. Thus Sequin^ estimated that, while

1 Ann. d. CMm. sc. pp. 52, 403.

.
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7 grains passed away througli the lungs per minute, as much as

11 grains escaped through the skin. The amount varies extremely;

Funke^ calculated, from data gained by enclosing the arm in a

caoutchouc bag, that the total amount of perspiration from the

whole body in 24 hours might range from 2 to 20 kilos ; but such a

mode of calculation is obviously open to many sources of error.

Of the whole amount thus discharged, part passes away at once

as watery vapour containing volatile matters, while part may remain

for a time as a fluid on the skin ; the former is frequently spoken of

as insensible, the latter as sensible perspiration. The proportion of the

insensible to the sensible perspiration will depend on the rapidity of

the secretion in reference to the dryness, temperature, and amount of

movement, of the surrounding atmosphere. Thus, supposing the rate

of secretion to remain constant, the drier and hotter the air, and
more rapidly the strata of air in contact with the body are renewed,

the greater is the amount of sensible perspiration which is by evapo-

ration converted into the insensible condition ; and conversely when
the air is cool, moist, and stagnant, a large amount of the total

perspiration may remain on the skin as sensible sweat. Since, as the

name implies, we are ourselves aware of the sensible perspiration

only, it may and frequently does happen that we seem to ourselves

to be perspiring largely, when in reality it is not so much the total

perspiration which is being increased as the relative proportion of

the sensible perspiration. The rate of secretion may however be so

much increased, that no amount of dryness, or heat, or movement of

the atmosphere, is sufficient to carry out the necessary evaporation,

and thus the sensible perspiration may become abundant in a hot

dry air. And practically this is the usual occurrence, since certainly

a high temperature conduces, as we shall point out presently, to an
increase of the secretion, and it is possible that mere dryness of the

air has a similar effect.

The total amount of perspiration is affected not only by the con-

dition of the atmosphere, but also by the nature and quantity of food

eaten, by the amount of fluid drunk, and by the amount of exercise

taken. It is also influenced by mental conditions, by medicines

and poisons, by diseases, and by the relative activity of the other

excreting organs, more particularly of the kidney.

The fluid perspiration, or sweat, when collected, is found to be a
clear colourless fluid, with a strong and distinctive odour varying

according to the part of the body from which it is taken. Besides

accidental epidermic scales, it contains no structural elements. Its

reaction is generally acid, but in cases of excessive secretion may be-

come alkaline. The average amount of solids is about 1*81 p. c.^ of

which about two-thirds consist of organic substances. The chief

normal constituents are : (1) Sodium chloride with small quantities of

other inorganic salts. (2) Various acids of the fatty series, such as

1 lILolQUchoWaTJntersuch. iv. p. 36. " Funke, Op. cit.
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formic, acetic, butyric, witli probably propionic, caproic, and caprylic.

The presence of these latter is inferred from the odour ; it is pro-

bable that many various volatile acids are present in small quantities.

Lactic acid, which Berzelius reckoned as a normal constituent, is

stated not to be present in health. (3) Neutral fats, and cholesterin;

these have been detected even in places, such as the palms of the
hand, where sebaceous glands are absent. (4) Ammonia (urea) and
possibly other nitrogenous bodies.

Funke ' detected a very considerable amount of urea in the sweat gained

by his method, so much, so that he calculated the total amount given off

by the skin in 24 hours at about 10 grms. Ranke" on the other hand,

who collected some of the sweat given off when the body was exposed
in a large space to an abundant atmosphere, found no evidence whatever of

urea. This striking contradiction has not yet been explained, though, as

will be seen in dealing with nutrition, the satisfactory results which are

gained by supposing that u.nder normal conditions all the urea passes out

by the kidneys, render it probable that Funke's result is essentially an
abnormal one. In various forms of disease the sweat has been found to

contain, sometimes in considerable quantities, blood (in bloody sweat),

albumin, urea (particularly in cholera), uric acid, calcium oxalate, sugar,

lactic acid, indigo, bile and other pigments. Iodine and potassium iodide,

succinic, tartaric, and benzoic (partly as hippuric) acids have been found in

the sweat when taken internally as medicines.

Cutaneous Respiration.

A frog, the lungs of which have been removed, will continue to

live for some time; and during that period will continue not only to

produce carbonic acid, but also to consume oxygen. In other words,

the frog is able to breathe without lungs, respiration being carried on
efficiently by means of the skin. In mammals and in man this

cutaneous respiration is, by reason of the thickness of the epidermis,

restricted to within very narrow limits ; nevertheless, when the body
remains for some time in a closed chamber to which the air passing

in and out of the lungs has no access (as when the body is enclosed

in a large air-tight bag fitting tightly round the neck, or where a
tube in the trachea carries air to and from the lungs of an animal
placed in an air-tight box), it is found that the air in the chamber
loses oxygen and gains carbonic acid. The amount of carbonic acid

which is thus thrown off by the skin of an average man in 24 hours

amounts according to Scharling to no more than about 10 grms.,

according to Aubert^ to about 4 grms., increasing with a rise of

temperature, and being very markedly augmented by bodily exercise.

Regnault and Reiset state that the amount of oxygen consumed is

about equal in volume to that of carbonic acid given off, but Gerlach *

1 Op. cit. 2 'Tetanus, p. 247.
3 Pfliiger's Archiv, vi. (1872) 539.
4 Miiller's Archiv, 1851, p. 431.
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makes it rather less. It is evident therefore that the loss which the

body suffers through the skin consists chiefly of water.

The thickness of the mammalian or human epidermis must afford a

great obstruction to any diffusion between the blood in the cutaneoiis

capillaries and the external air. It has been suggested that the carbonic

acid makes its exit in the form of carbonates present in the sweat, and that

these being decomposed by the acids also present in sweat, their carbonic

acid is set free.

When an animal, such as a rabbit, is covered over with an
impermeable varnish such as gelatine, so that all exit or entrance

of gases or liquids by the skin is prevented, death shortly ensues.

This result cannot be due, as was once thought, to arrest of cutaneous

respiration, seeing how insignificant is the gaseous interchange by the

skin as compared with that by the lungs. Nor are the symptoms
those of asphyxia, but rather of some kind of poisoning, marked by a-

very great fall of temperature, which however does not seem to be
the result of diminished production of heat, since according to Burdon
Sanderson it is coincident with an actual increase of the discharge of

heat from the surface. The animal may be restored, or at all events

its life may be prolonged with abatement of the symptoms, if the

great loss of heat which is evidently taking place be prevented by
covering the body thickly with cotton wool, or keeping it in a warm
atmosphere. The symptoms have not as yet been clearly analysed,

but they seem to be due in part to a pyrexia possibly caused by the

retention within or reabsorption into the blood of some of the con-

stituents of the sweat, or by the products of some abnormal metabo-
lism, and in part to a dilation of the cutaneous vessels which
causes an abnormally large radiation of heat, even through the

varnish.

According to E,ohrig' the injunction of fresh filtered human sweat into

the veins of a rabbit causes pyrexia, and albuminuria, and thus reproduces

some of the effects of ' varnishing.'

The Secretion of Sweat.

The skin contains, besides the ordinary sudoriparous glands, the

sebaceous glands, and the special odoriferous glands of the axilla,

anus, and other regions. With regard to the various volatile and
odoriferous substances peculiar to sweat, and especially with regard to

those peculiar to the sweat of particular regions of the skin, there

can be no doubt that these are secreted by the epithelium of the

appropriate glands. There can be equally no doubt that the fats

which come to the surface of the skin from the sebaceous glands arise

from a metabolism of the cells of those glands. But it is a question,

and at present an open question, whether the sweat as a whole is

furnished by the. various glands alone, or whether any considerable

1 Jahrb.f, Bain. i. 1.
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part of it may not simply transude through the portions of skin
intervening between the mouths of the glands. That some amount of

water must pass through the ordinary epidermis seems evident ; but
on the whole it is probable that the portion which so passes is a small
fraction only of the total quantity secreted by the skin ; and
Erismann^ finds that even the simple evaporation of water is

much greater through those parts of the skin in which the glands
are abundant than through those in which they are scanty.

The nervous mechanism of Perspiration. The secreting ac-

tivity of the skin, like that of other glands, is accompanied and
at least aided by vascular dilation. In one of Bernard's early

experiments on division of the cervical sympathetic, it was ob-
served that in the case of the horse, the vascular dilation of

the face on the side operated on was accompanied by increased

perspiration. Indeed the connection between the state of the cutane-

ous blood-vessels and the amount of perspiration is a matter of daily

observation. When the vessels of the skin are contracted, the
secretion of the skin is diminished; when they are dilated it becomes
abundant. And in this way, as we shall later on point out, the tem-
perature of the body is largely regulated. When the surrounding
atmosphere is warm, the cutaneous vessels are dilated, the amount
of sweat secreted is increased, and the consequently augmented
evaporation tends to cool down the body. On the other hand,
when the atmosphere is cold, the cutaneous vessels are constricted,

perspiration is scanty, and less heat is lost to the body by evaporation.

The analogy with the other secreting organs which we have
already studied renders it extremely probable that there are special

nerves directly governing the activity of the sudoriparous glands,

independent of variations in the vascular supply. Many pathological

facts point in this direction. The profuse perspiration of the death
agony, of various crises of disease, and of certain mental emotions,
the cold sweats occurring in phthisis and other maladies, in all of

which the skin is anaemic rather than hypersemic, suggest direct

nervous action. Moreover, we have direct experimental evidence
that in the cat and dog profuse perspiration may take place in the
ball of the foot as the result of stimulation of the sciatic nerve after

clamping the aorta or crural artery, or immediately after amputation
of the leg^ ; in these cases, which are quite analogous to the experi-

ments on the submaxillary gland, the increased secretion cannot be
due to hypersemia. The analogy with the submaxillary gland is

carried out still further by the fact that (in the cat at least) atropin

prevents stimulation of the sciatic nerve from causing an increase

of perspiration in the ball of the foot, though the vascular dilation

takes place as usuaP. When the sciatic nerve on one side has been

^ ZeitscJirift f. Biol. si. 1.

2 Kendal and Luclisinger, Pfliiger's Archiv, xiii. (1876) 212.
3 Luchsinger, ibid. siy. (1877) 369.
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divided, the leg on that side frequently does not perspire under cir-

cumstances which induce perspiration in the rest of the body. In

cases of injury to spinal nerves, wholly similar phenomena have been

observed ; and atropin has been used very successfully as a remedy
for profuse perspiration. The cases where perspiration may easily

be induced on one side of the face by the introduction of pungent
substances into the mouth illustrates the manner in which this

nervous influence over the sudoriparous glands may be brought

about by reflex action. The whole subject however requires to be
more fully worked out.

Luclisinger^ has been led by his experiments to believe that (in the cat)

the perspiratory activity of the lower limbs is dependent on a perspiratory

centre, situated in the lower dorsal and upper lumbar spinal cord, and
analogous with a vaso-motor centre. The efferent impulses from this

centre pass through the communicating branches of the last two or three

dorsal and first four lumbar spinal nerves, to the abdominal sympathetic,

and thence to the sciatic nerve.

Absorption hy the Skin.

Although under normal circumstances, the skin serves only as

a channel of loss to the body, there are facts which seem to shew

that it may, under particular circumstances, be a means of gain.

Cases are on record where bodies have been ascertained to have

gained in weight by immersion in a bath, or by exposure to a moist

atmosphere during a given period, in which no food or drink was

taken, or to have gained more than the weight of the food or drink

taken. The gain in such cases must have been due to the absorption

of water. It is doubtful whether substances in aqueous solution can

be absorbed by the skin when the epidermis is intact, the evidence

on this point being contradictory ; but absorption takes place very

readily from abraded surfaces, and even solid particles rubbed into the

sound skin may, especially when applied in a fatty vehicle, as e.g. in

the well-known mercury-ointmoDt, find their way into the underlying

lymphatics.

1 Op, cit.



CHAPTEE lY.

SECEETION BY THE KIDNEYS.

The epitlielium of the kidney, like that of the alimentary canal, is a

secreting tissue. The protoplasmic cells which line at least a large

portion of the tuhuli uriniferi elaborate from the blood, in a manner
which we shall presently discuss, certain substances, and discharge

them into the channels of the tubules. Besides these distinctly

active secreting structures, however, the kidney exhibits in its

Malpighian bodies an arrangement very analogous to that which
obtains in the lungs. Just as in the latter the functions of the

alveolar epithelium are reduced to a minimum, and the entrance

and egress of the gases of respiration are mainly carried on by
diffusion, so in the former the epithelium covering the glomeruli

can have but little secreting activity, and the passage of material

from the interior of the convoluted blood-vessels into the cavities

of the tubules must be chiefly a matter of simple filtration. What
substances pass in this way, and what substances are secreted by the

direct action of the epithelium of the secreting tubules, we shall

shortly consider. The various substances passing in either the one

or the other way, in company with a large amount of water, into the

ducts of the gland, constitute the secretion called urine. And since

none of the substances so thrown out are of any further use in the

economy, but are at once carried away, urine is generally spoken of

as an excretion.

Sec. 1. Composition of Urine.

The healthy urine of man is a clear yellowish fluorescent fluid, of

a peculiar odour, saline taste, and acid reaction, having a mean specific

gravity of 1'020, and generally holding in suspension a little mucus.

The normal constituents may be arranged in several classes.

1. Water.

2. Inorganic salts. These for the most part exist in urine in

natural solution, the composition of the ash almost exactly cor-

responding with the results of the direct analysis of the fluid ; in

this respect urine contrasts forcibly with blood, the ash of which

is largely composed of inorganic substances, which previous to.
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the combustion existed in peculiar combination witb proteid and
other complex bodies. In the ash of urine there is rather more
sulphur than corresponds to the sulphuric acid directly determined

;

this indicates the existence in urine of some sulphur-holding com-
plex body. And there are traces of iron, pointing to some similar

iron-holding substance. But otherwise, all the substances found in

the ash exist as salts in the natural fluid. The most abundant and
important is sodium chloride. There are found in smaller quantities,

calcium chloride, potassium and sodium sulphates, sodium, calcium,

and magnesium phosphates, with traces of silicates. Alkaline car-

bonates are frequently found, and nitrates in small quantity are also

said to be sometimes present.

The phosphates are derived partly from the phosphates taken as

such in food, partly from the phosphates peculiarly associated with

the proteids, and partly from the phosphorus of lecithin and its

allies. When urine becomes alkaline, the calcic and magnesic
phosphates are precipitated, the sodium phosphates remaining in

solution. The sulphates are derived partly from the sulphates

taken as such in food and partly from the sulphur of the pro-

teids. The carbonates, when occurring in large quantity, generally

have their origin in the oxidation of such salts as citrates, tartrates,

&c. The bases present depend largely on the nature of the food taken.

Thus with a vegetable diet, the excess of the alkalis in the food

reappears in the urine ; with an animal diet, the earthy bases in a
similar way come to the front.

3. Nitrogenous crystalline bodies, derivatives of the metabo-
lism of the proteids of the body and food. First and foremost come
urea and its immediate ally, uric acid. These will be considered in

detail hereafter; they are the typical products of the metabolism of

proteids. Existing in much smaller quantities are a number of

bodies more or less closely related to urea, which may for the most
part be regarded as less-completely oxidised products of metabolism.

Such are : kreatinin, xanthin, hypoxanthin, and occasionally allan-

toin. To these may be added hippuric acid, ammonium oxalurate,

and, at times, taurin, cystin, leucin, and tyrosin. These too

we shall have to consider in dealing with the metabolism of the

body.

4. Non-nitrogenous bodies. These exist in very small quan-

tities, and many of them are probably of uncertain occurrence.

They are organic acids, such as lactic, succinic, formic, oxalic, phe-

nylic, &c. It has been maintained that minute quantities of sugar

are invariably present in even healthy urine ; this however has not

as yet been placed beyond all doubt.

5. Pigments. These are at present very imperfectly under-

stood. Whether the natural yellow colour of urine be due to a

single pigment, the urochrome of Thudichum, or to more than one,
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and what is the exact nature of these pigments, must be left un-
decided. As was stated above (p. 30), the urine frequently contains

urobilin ; and the peculiar red colour of some rheumatic urines is due
to the presence of a body called by Prout purpurin and by Heller

uroerythrin. The urine of man and of many animals, especially of

the dog, contains indican, which under certain circumstances may
give rise to the production of indigo-blue.

6. Other bodies. Urine treated with many times its volume
of alcohol gives a precipitate. In this precipitate is found a body,

giving proteid reactions ; and an aqueous solution of the precipitate

is both amylolytic and proteolytic, i.e. appears to contain some of

both the salivary (pancreatic) ferment and pepsin.

7. Gases. Those gases which can be extracted from urine by
the mercurial pump are chiefly nitrogen and carbonic acid, oxygen
occurring in very small quantities or being wholly absent.

The quantities in which these multifarious constituents are pre-

sent vary within very wide limits, being dependent on the nature of

the food taken, and on the circumstances of the body. These points

will be considered in the succeeding chapter. What may be called

the average composition of human urine is shewn in the following

table.

AMOUNTS OF THE SEVEEAL UEINAEY CONSTITUENTS PASSED IN

TWENTY-FOUE HOUES. (After Pakkes).
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sodium hyposulphite gives no precipitate. The amount of acidity

varies much during the twenty-four hours, being in an inverse ratio

to the amount of acid secreted by the stomach ; thus it decreases

after food is taken, and increases as gastric digestion becomes com-
plete. It varies with the nature of the food ; with a vegetable diet

the excess of alkalis secreted leads to alkalinity, or at least to

diminished acidity, whereas this effect is wanting with an animal
diet, in which the earthy bases preponderate. Hence the urine of

carnivora is generally very acid, while that of herbivora is alkaline.

The latter, when fasting, are for the time being carnivorous, living

entirely on their own bodies, and hence their urine becomes under
these circumstances acid.

The natural acidity increases for some time after the urine has
been discharged, owing to the formation of fresh acid, apparently

by some kind of fermentation. This increase of acid frequently

causes a precipitation of urates, which the previous acidity has

been insufficient to throw down. After a while however the acid

reaction gives way to alkalinity. This is caused by a conversion

of the urea into ammonium carbonate through the agency of a
specific ferment. This ferment as a general rule does not make its

appearance except in urine exposed to the air; it is only in un-
healthy conditions that the fermentation takes place within the
bladder.

Abnormal constituents of Urine. The structural elements
found in the urine under various circumstances are blood, pus and
mucus corpuscles, epithelium from the bladder and kidney, and
spermatozoa. Serum-albumin, fibrin (frequently as ' casts '), alkali-

albumin, globulin, a peculiar form of albumin, (discovered by Bence-
Jones in mollities ossiuni, characterised by being soluble at high
temperatures, and re-discovered by Kiihne as a product of digestion),

fats, cholesterin, sugar, leucin, tyrosin, oxalic acid, bile acids and
bile pigment, may be enumerated as the most important metabolic

products abnormally present in urine. Besides these the urine

serves as the chief channel of elimination for various bodies, not
proper constituents of food, which may happen to have been taken
into the system. Thus various minerals, alkaloids, salts, pigmentary
and odoriferous matters, may be passed unchanged. Many substances

thus occasionally taken suffer changes in passing through the body

;

the most important of these will be considered in a succeeding
chapter.

Sec. 2. The Secretion of Urine.

We have already called attention to the fact that the kidney,
unlike the other secreting organs which we have hitherto studied,

consists of two distinct parts : of an actively secreting part, the
epithelium of the secreting tubules, and of what may be called a
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filtering part, th,e Malpighian bodies. Corresponding to this double

structure we find that, of the various urinary constituents enumerated

in the preceding section, some, such as sodium chloride, are known to

be present in the blood, independently of any activity of the kidney,

while of others, such as urea, it is probable that their occurrence in the

blood is in part the result of some previous renal action, or at least it

is not certain that this is not the case. The former we may fairly

suppose to be simply filtered through the renal glomeruli ; the latter

we may regard provisionally as the products of the activity of the

renal epithelium. Since the passage of fluids and dissolved sub-

stances through membranes is in large part directly dependent on

pressure, the extent and rapidity of that part of the whole process of

the secretion of urine which is a mere filtration, will be directly

affected by the amount of arterial pressure in the renal arteries,

while the effect of variations of arterial pressure on that part of the

process which is a real active secretion, will be an indirect one only.

Since, then, the discharge of urine by the kidneys must be in large

measure a mere matter of pressure, much more so than is the case

with the secretion of saliva or of gastric juice, it will be more
convenient to study the relations of urinary secretion to blood-

pressure before we enter upon the discussion of the active secretion

itself.

The relation of the Secretion of Urine to Arterial Pressure.

The circumstance to which we have to direct our attention is

the extent of pressure present in the renal capillaries, and in the

glomeruli. The more the pressure of the blood in these exceeds

the pressure of the fluid in the channels of the uriniferous tubules,

the more rapid and extensive will be the filtration from the one into

the other.

This local capillary blood-pressure may be increased—
1. By an increase of the general blood-pressure, brought about—

•

(a) by an increased force, frequency, &c. of the heart's beat, (6) by the

constriction of the small arteries supplying areas other than the

kidney itself.

2. By a relaxation of the renal artery, which, as we have pre-

viously pointed out (p. 169), while diminishing the pressure in the

artery itself, increases the pressure in the capillaries and small veins

which it supplies. It need hardly be added that this local relaxation

must either be accompanied by constriction in other vascular areas,

or at all events must not be accompanied by a sufficiently com-
pensating dilation elsewhere.

The local capillary pressure may similarly be diminislied—
1. By a constriction of the renal artery, which, while increasing

the pressure on the cardiac side of the artery, diminishes the pressure

F. P. 21
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in the capillaries and veins whicli are supplied by the artery. This

again ninst either be accompanied by dilation in other vascular

areas, or at least not accompanied by a compensating constriction.

2. By a lowering of the general blood-pressure, brought about

—

(a) by diminished force &c. of the heart's beat, (6) by a general

dilation of the small arteries of the body at large, or by a dilation

of vascular areas other than the kidneys.

Bearing these facts in mind, it becomes easy to explain many of

the instances in which an increase or diminution of urine is produced

by natural or artificial means. Thus section of the spinal cord

below the medulla causes a great diminution, and indeed in most
cases a complete or almost complete arrest of the secretion of urine.

In this case the vascular areas of the body at large are cut off from
their vaso-motor centre ; as a consequence general vascular dilation

ensues, with a great fall of the general blood-pressure. Although
the renal arteries suffer with the rest in this dilation, yet since they

form but a small fraction of the whole arterial system, the general

dilation causes a diminished flow through them ; and when the

general blood-pressure falls sufficiently low (below 30 mm. mercury in

the dog) the secretion of urine is totally arrested.

Stimulation of the spinal cord below the medulla, though acting

in the converse direction, brings about the same result, arrest of the

secretion. By the stimulation the action of the vaso-motor nerves is

augmented, and constriction of the renal arteries as well as of other

arteries in the body is brought about. The increase of general blood-

pressure thus produced is insufficient to compensate for the increased

resistance in the renal arteries ; and as a consequence the flow of

blood into the glomeruli is largely reduced. Indeed on inspection

the kidneys are seen during the stimulation to become pale and
bloodless.

Section of the renal nerves is followed by a most copious

secretion, by what has been called hydruria or polyuria, the urine

at the same time frequently becoming albuminous. The section of

the nerves, by interrupting the vaso-motor tracts, leads to dilation

of the renal arteries, and this to increased capillary pressure. If

after section of the renal nerves the cord be divided below the

medulla, the polyuria disappears; for the diminution of general

blood-pressure thus produced more than compensates for the special

dilation of the renal arteries. Conversely, if after section of the

renal nerves the cord be stimulated, the flow of urine is still further

increased, since the rise of general blood-pressure due to the general

arterial constriction caused by the stimulation tends to throw still

more blood into the renal arteries, on which, owing to the division

of their nerves, the spinal stimulation is powerless.

Section of the splanchnic nerves, along which apparently the

vaso-motor tracts from the spinal cord to the kidneys run, produces

also an increased flow of urine. But the au£jmentation in this case is
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smaller and less certain than in the case of section of the renal

nerves themselves, since the splanchnic nerves govern the whole

splanchnic area, and hence a large portion of the increased supply of

blood is diverted from the kidney to other abdominal organs. Con-

versely, stimulation of the splanchnic nerves arrests the flow of urine

by producing constriction of the renal arteries.

We shall have occasion in the succeeding chapter to call attention

to the fact that puncture of the fourth ventricle, or mechanical

irritation of the first thoracic ganglion, gives rise to the appearance of

a large quantity of sugar in the urine, and at the same time causes a

more copious flow of that fluid ; the condition of body thus brought

about is known as artificial diabetes. The presence of the sugar

is not the whole cause of the increased flow, for the operation, or a

similar injury to certain parts of the cerebellum\ may give rise to an

excessive secretion of urine without any sugar being present. It is

probable, but not as yet clearly proved, that the increase of urine is

due to dilation of the renal arteries; and this view is supported

by the fact that the increase is temporarily prevented (as is also

a similar diabetic increase of flow in carbonic-oxide poisoning) by

stimulation of the splanchnic nerves.

Irritation of the central end of the vagus causes an increased flow of

urine. This may be explained by supposing that the afferent impulses

ascending the vagus inhibit that part of the vaso-motor centre which

governs the renal arteries, and so produce dilation of those arteries.

Possibly at the same time, as in the ease of the rabbit's ear (p. 163), some

amoiuit of general constriction is brought about.

There are several diuretic drugs, whose action seems intimately connected

with blood-pressure, though the phenomena to which they give rise cannot

at present be completely explained. Thus when a large dose of digitalis

is given, the general blood-pressure at first rapidly increases and the flow

of urine is primarily diminished or even arrested. The increase of pressure

seems to be due partly to an increase in the heart's beat, but chiefly to an

increase in the peripheral resistance, i. e. to arterial constriction. Since the

arrest of flow is seen to take place quite as readily in a kidney whose

nerves have been divided as in one whose nerves have been left intact, it

is evident that the digitalis must cause arterial constriction by acting not

on the general vaso-motor centre or not on that alone, but on the peripheral

vaso-motor mechanisms (cf. p. 165). The primary rise of pressui-e, and

arrest of secretion, soon gives way to a fall of pressure and a copious flow

of urine, the increase of secretion beginning first and being most marked
in the kidney the nerves of which have been cut. The change of pheno-

mena may be explained by supposing that the primary arterial constriction

is succeeded by a secondary dilation, beginning first and becoming most

pronounced in the kidney with divided nerves. Whether there are other

causes at work must be left at the present undecided.

The experimental phenomena recorded above are thus seen to

receive a fairly satisfactory explanation when they are referred

1 Eckhard, Beitrage, v. (1870) 153 ; ti. 1, 51, 117, 175.

21—2
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exclusively to variations in blood-pressure. And many of the na-

tural variations in the flow of urine may be interpreted in this way.

No fact in the animal economy is oftener or more strikingly brought

home to us than the correlation of the skin and the kidneys as far

as their secretions are concerned; and this seems to be maintained by
means of the vaso-motor nervous mechanism. Thus when the skin is

cold, its blood-vessels are, as we know, constricted. This by causing

an increase of general blood-pressure, accompanied most probably by
a dilation of the splanchnic vascular area, possibly by a special

dilation of the renal arteries, must augment the flow through the

kidneys. Conversely, the dilated condition of the arteries of a warm
skin, with the consequent diminution of general blood-pressure, ac-

companied possibly with a corresponding dilation of the splanchnic

(renal) vascular areas, would give rise to a diminished renal dis-

charge. The effects of emotions may be explained in a similar way
as essentially vaso-motor phenomena.

The increase of virine observable after taking fluids cannot be ex-

plained by reference to any direct increase of blood-pressure due to an
augmentation of the quantity of blood, for, as we have seen (p. 174), an
increase of the quantity of blood does not raise the general blood-pressure.

Possibly the introduction of the fluid into the alimentary canal may cause

a dilation of the splanchnic or renal areas either directly, or indirectly, in

a reflex manner by the help of the vagi. This observation refers of course

to inert fluids, such as water; the introduction of various substances in an
ordinary meal may afiect the flow of urine in other ways to be presently

stated.

At the same time it must be remembered that here, as in the

case of the salivary gland, what appears to be at first sight a simple

action of vaso-motor nerves may bcj after all, a direct action of nerves

on secreting cells accompanied by an adjuvant but not indispensable

vaso-motor action. Against such a possibility may be urged the fact

that as far as we know atropin has no such effect on renal as it has

on salivary secretion, and the reflection that in the case of urine,

in distinction to that of saliva, a mere discharge of water from

the body is one object of the renal mechanism, and this object would
naturally be gained by the simpler process of filtration through

blood-pressure, rather than by the more laborious method of active

secretion.

Secretion hy the Renal Epiihelium.

So dependent indeed on blood-pressure does the secretion of

urine appear to be, that many have considered the process to be
simply and wholly a matter of diffusion, of filtration at a varying

pressure. Thus the older view of Bowman^—that the urine consisted

essentially of two parts, i. e. of the water and the more general consti-

1 Fhil. Trans., 1812.



Chap, iv.] RENAL SECRETION: 325

tuents which made their way through the glomeruli, and of the dis-

tinct specific constituents which were discharged by the activity of

the renal epithelium into the channels of the tubules—gave way very

largely to the conception of Ludwig and his school, who taught that

all the urine in a diluted form passed through the glomeruli, and in

its descent along the tubules underwent nothing more than an appro-

priate concentration.

Against such a view might be urged among other a priori argu-

ments the fact that, while undoubtedly the great majority of the

urinary constituents readily diffuse, some of them, ex. gr. the pig-

ments, do not. But we have now no need of a pi^iori arguments,

since Heidenhain^ has shewn that, with regard to one substance at

least, the renal epithelium does exercise a distinct secreting activity,

independent of and distinct from the relations of blood-pressure.

Into the veins of animals in which the urinary flow had been ar-

rested by section of the spinal cord below the medulla, Heidenhain
injected the sodium sulphindigotate, or so-called indigo-carmine. By
killing the animals at appropriate times and examining the kidneys

microscopically and otherwise, he was enabled to ascertain that the

pigment so injected passed from the blood into the renal epithelium,

and from thence into the channels of the tubules, where it was preci-

pitated in a solid form. There being no stream of fluid through the

tubules, owing to the arrest of urinary flow by means of the preliminary

operation, the pigment travelled very little way down the interior of

the tubules, and remained very much where it was cast out by the

epithelium cells. There were no traces whatever of the pigment
having passed by the glomeruli ; and the cells which could be seen

distinctly to take up and eject it, were those lining such portions of

the tubules (viz. the so-called secreting tubules, intercalated tubules

and portions of the loops of Heule) as from their microscopic features

have been supposed to be the actively secreting portions of the entire

tubules. By varying the quantity injected and the time which was
allowed to elapse between the injection and subsequent inspection,

Heidenhain was able to trace the material step by step into the cells,

out of the cells into the interior of the tubules, and for some little

distance along the tubules. The advantage of the absence of a large

flow of urine is obvious; had this been present, the pigment would
have been rapidly carried off immediately that it issued from the

cells into the interior of the tubules. One observation he made
of a peculiarly interesting character. After injecting a certain quan-
tity of pigment, and allowing such a time to elapse as he knew from
previous experiments would suffice for the passage of the material

through the epithelium to be pretty well completed, he injected a
second quantity. He found that the excretion of this second quantity

was most incomplete and imperfect. It seemed as if the cells were
exhausted by their previous efforts, just as a muscle which has been
severely tetanized will not respond to a renewed stimulation.

1 PMger's Archiv, ix. (1874) 1.
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As far as indigo-carmine is concerned, then, we are justified in

speaking of an active though not a formative secretion by means of

the epithelium, which seems, in thus taking the pigment out of the

blood and passing it on into the channel of the tubules, to play a

part not unlike that which we ascribed (p. 247) to the epithelium

cell of the villus in taking up fat from the intestine and passing it on
into the lacteal. But indigo-carmine is not a natural constituent of

the urine, and it would be desirable that the same activity should be
proved in the case of the natural constituents. On Heidenhain's at-

tempting to do this by the injection of urates, he found, in spite of

the blood-pressure remaining below the normal, or at least not being

proportionably increased, that such a copious flow of urine took place

as swept away the contents of the tubules and so prevented the evi-

dences of local activity being manifested. Still this very increase of

flow, and a similar increase seen after the injection of other diuretics

such as urea\ sodium chloride, potassium nitrate, &c., unaccompanied

by any corresponding change in blood-pressure, may, until it has been
otherwise explained, be regarded as at least an indication that the

epithelium cells have an active share in the secretion of even the

fluid parts of urine, and that they may be called into activity by
substances behaving to them, in some way or other, as chemical

stimuli.

Although therefore much yet remains to be done, before this

question can be regarded as thoroughly settled; still, leaning on the

analogy of other glands, we shall probably not err in supposing that

future researches will be able to demonstrate with exactitude an
active function of the renal epithelium, and at the same time to

mark out distinctly the limits and mutual relations of active secretion

and passive mechanical filtration of urine.

One consideration, of quite secondary importance in the glands

Avhich have been previously studied, acquires great prominence, when
the kidney is being studied. In studying the pancreas and gastric

glands, we concluded without much discussion that the zymogen and
pepsinogen were formed in the epithelium cells; for no great manu-
facture of these substances is going on in other parts of the body.

The kidney however is emphatically an excreting organ: its great

function is to get rid of substances produced by the activity of other

tissues; its work is not to form but to eject. There can be no doubt,

to put forward a strong instance, that with regard to urea it would
be absurd to suppose that the whole series of changes from the pro-

teid condition to the urea stage is carried on by the kidney. But
there still remains the question, Are any of the stages carried on in

the kidney, and if so what ? Is the secreting activity of the renal

epithelium confined, as was suggested in our early remarks on secre-

tion, p. 205, to picking out the already formed urea from the blood ?

Or does the secreting cell of the tubule receive from the blood some

1 Ustimowitscli, Ludwig's Arheiten, 1870, p. 199.
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antecedent of urea, and in the laboratory of its protoplasm convert

that antecedent of urea into urea itself ? and if so, what is that ante-

cedent which comes to the kidney in the blood of the renal artery ?

And so with many other of the urinary constituents.

In order to complete our study of renal activity, this question

ought to be considered now ; but for many reasons it will be more
convenient to defer the matter to the succeeding chapter, in which we
deal with the metabolic events of the body in general

Sec. 3. Mictueitioisl

The urine, like the bile, is secreted continuously; the flow may rise

and fall, but, in health, never absolutely ceases for any length of time.

The cessation of renal activity, the so-called suppression of urine,

entails speedy death. The minute streams passing continuously, now
more rapidly now more slowly, along the collecting and discharging

tubules are gathered into the renal pelvis, whence the fluid is carried

along the ureters by the peristaltic contractions of the muscular walls

of those channels (see p. 82) into the urinary bladder. When a
ureter is divided in an animal, and a cannula inserted, the urine may
be observed to flow from the cannula drop by drop, slowly or rapidly

according to the rate of secretion. In the urinary bladder, the urine

is collected, its return into the ureters being prevented by the oblique

valvular nature of the orifices of those tubes, and its discharge from
thence in considerable quantities is effected from time to time by a
somewhat complex muscular mechanism, of the nature and working
of which the following is a brief account. The involuntary muscular
fibres forming the greater part of the vesical walls are arranged partly

in a more or less longitudinal direction forming the so-called detrusor

urinse, and partly in a circular manner, the circular fibres being most
developed round the neck of the bladder and forming there the

so-called sphincter vesicse. After it has been emptied the bladder

is contracted and thrown into folds; as the urine gradually collects,

the bladder becomes more and more distended. The escape of the

fluid is however prevented by the resistance offered by the elastic

fibres of the urethra which keep the urethral channel closed. Some
maintain that the tonic contraction of the sphincter vesicae aids in

or indeed is the chief cause of this retention. When the bladder has

become full, we feel the need of making water, the sensation being

heightened if not caused by the trickling of a few drops of urine from
the full bladder into the urethra. We are then conscious of an effort;

during this effort the bladder is thrown into a long continued con-

traction of an obscurely peristaltic nature, the force of which is more
than sufficient to overcome the elastic resistance of the urethra, and
the urine issues in a stream, the sphincter vesicae, if it act as a

sphincter, being at the same time relaxed after the fashion of the

sphincter ani. In its passage along the urethra, the exit of the urine
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is forwarded by iiTegularly rhythmic contractions of the bulbo-caver-

nosus or ejaculator urinse muscle, and the whole act is further assisted

by abdominal pressure exerted by means of the abdominal muscles,

very much the same as in defEecation.

The continuity of the sjohincter vesicae with the rest of the chcular

jSbres of the bladder suggests that it probably is not a sphincter, but that its

use Ues in its contracting after the rest of the vesical fibres, and thus finish-

ing the evacuation of the bladder. On the other hand, the fact that the

neck of the bladder can withstand a pressure of 20 inches of water so long

as the bladder is governed \>j an intact spinal cord, but a pressure of 6 inches

only when the lumbar spinal cord is destroyed or the vesical nerves are

severed, affords very strong evidence in favour of the view that the

obstruction at the neck of the bladder to the exit of urine depends on some
tonic muscular conti'action maintained by a reflex or automatic action of

the lumbar spinal cord.

Micturition therefore seems at first sight, and especially when we
appeal to our own consciousness, a purely voluntary act. A voluntary

effort throws the bladder into contractions, an accompanying voluntary

effort throws the ejaculator and abdominal muscles also into contrac-

tions, and the resistance of the urethra being thereby overcome the

exit of the urine naturally follows. If we adopt the view of a sphinc-

ter vesicEB, we have to add to the above simple statement the sup-

position that the will, while causing the detrusor urinse to contract,

at the same time lessens the tone of the sphincter, probably by inhi-

biting its centre in the lumbar cord.

There are two facts however which prevent the acceptance of so

simple a view. In the first place Goltz^ has shewn that quite normal
micturition may take place in a dog in which the lumbar region of

the spinal cord has been completely separated by section from the

dorsal region. In such a case there can be no exercise of volition,

and the whole process appears as a reflex action. When the bladder

is full (and otherwise apparently under the circumstances the act

fails) any slight stimulus, such as sponging the anus or slight pressure

on the abdominal walls, causes a complete act of micturition ; the

bladder is entirely emptied, and the stream of urine towards the end
of the act undergoes rhythmical augmentations due to contractions

of the ejaculator urinse. These facts can only be interpreted on the

view that there exists in the lumbar cord (of the dog) a micturition

centre capable of being thrown into action by appropriate afferent

impulses, the action of the centre being such as to cause a contraction

of the walls of the bladder and of the ejaculator urin«, and possibly

at the same time to suspend the tone of the sphincter vesicae. Simi-

lar instances of reflex micturition have been observed in cases of

paralysis from disease or injury of the spinal cord ; and involuntary

micturition is common in children, as the result of irritation of the

pelvis and genital organs, or of emotions. In the adult too, as

1 Pflliger'e ArcMv, viii. (1874) 474.
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Shylock has informed us, emotions, or at least sensory impressions,

may in a reflex manner be the cause of micturition. In such cases

we may fairly suppose that the centre in the lumbar cord is af-

fected by afferent impulses descending from the brain. And this

leads us to the conception that when we make water by a conscious

effort of the will, what occurs is not a direct action of the will on the

muscular walls of the bladder, but that impulses started by the will

descend from the brain after the fashion of afferent impulses and thus

in a reflex manner throw into action the micturition centre in the

lumbar spinal cord. Nor is this view negatived by the fact that

paralysis of the bladder, or rather inability to make water either

voluntarily or in a reflex manner, is a common symptom of spinal

disease or injury. Putting aside the cases in which the reflex act is

not called forth because the appropriate stimulus has not been ap-

plied, the failure in micturition under these circumstances may be
explained by supposing that the shock of the spinal injury or some
extension of the disease has rendered the lumbar centre unable to

act.

In the second place, in cases of urethral obstruction, where the

bladder cannot be emptied when it reaches its accustomed fulness,

the increasing distension sets up fruitless but powerful contractions

of the vesical walls, contractions which are clearly involuntary in

nature, which wane or disappear, and return again and again in a
completely rhythmic manner, and which may be so strong and
powerful as to cause great suffering. It seems that fibres of

the bladder, like all other muscalar fibres, have their contractions

augmented in proportion as they are subjected to tension (see p. 69).

Just as a previously quiescent ventricle of a frog's heart may be
excited to a rhythmic beat by distending its cavity with blood, so the

quiescent bladder is excited, by the distension of its cavity, to a
peristaltic action which in normal cases is never carried beyond a first

effort, since with that the bladder is emptied and the stimulus is

rem.oved, but in cases of obstruction is enabled clearly to manifest its

rhythmic nature.

The so-called incontinence of urine in children is in reality an
easily excited and frequently repeated reflex micturition. In cases of

spinal disease another form of incontinence is common. The bladder
becoming full, but, owing to a failure in the mechanism of voluntary
or reflex micturition, being unable to empty itself by a complete
contraction, a continual dribbling of urine takes place through the
urethra, the fulness of the bladder being sufficient to overcome the

elastic resistance, or the tone of the sphincter suffering from the

spinal affection and becoming permanently inhibited.

The latter view seeras improbable, and there is no satisfactory evidence

that intrinsic contractions of the bladder do not occur in these cases.



CHAPTER y.

THE METABOLIC PHENOMENA OF THE BODY.

We have followed the food through its changes in the alimentary-

canal, and seen it enter into the blood, either directly or by the
intermediate channel of the chyle, in the form of peptone (or other-

wise modified albumin), sugar (lactic acid), and fats, accompanied
by various salts. We have further seen that the waste products

which leave the body are urea, carbonic acid and salts. We have
now to attempt to connect together the food and the waste products

;

to trace out as far as we are able the various steps by which the one
is transformed into the other, and to inquire into the manner in which
the energy set free in this transformation is distributed and made
use of.

The master tissues of the body are the muscular and nervous
tissues; all the other tissues maybe regarded as the servants of these.

And we may fairly presume that besides the digestive and excretory

tissues which we have already studied, many parts of the body are en-

gaged either in further elaborating the comparatively raw food which
enters the blood, in order that it may be assimilated with the least

possible labour by the master tissues, or in so modifying the waste
products which arise from the activity of the master tissues that they
may be removed from the body as speedily as possible. There can
be no doubt that manifold intermediate changes of this kind do take
place in the body; but our knowledge of the matter is at present

very imperfect. In one or two instances only can we localize these

metabolic actions and speak of distinct metabolic tissues. In the
majority of cases we can only trace out or infer chemical changes
without being able to say more than that they do take place some-
where; and in consequence, perhaps somewhat loosely, speak of them
as taking place in the blood.

Sec. 1. Metabolic Tissues.

The History of Glycogen.

The best-known and most carefully studied example of metabolic
activity is the formation of glycogen in the hepatic cells.
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Claude Bernard^ in studying the history of sugar in the economy,
was led to compare the relative quantities of sugar in the portal and
hepatic veins, expecting to find that the sugar possibly diminished in

the passage of the blood through the liver; he was astonished to

discover that, on the contrary, the quantity was vastly increased. He
found, and anyone can make the observation, that when an animal
living under ordinaiy conditions is killed, not only does the hepatic

blood contain a considerable amount of sugar, even when there

is little or none in the portal blood, but that an aqueous infusion of

the liver is rich in sugar (grape-sugar). Not only so, but the sugar

continues to be present in the liver when all blood has been washed
out of the organ by a stream of water driven through the portal vein,

and goes on increasing in amount for some hours after death. Only
one interpretation of these facts is possible ; so far from the liver

destroying or converting the sugar brought to it by the portal vein,

it is clearly a source of sugar ; the hepatic tissue evidently contains

some substance capable of giving rise to the presence of sugar.

Bernard further found that when the liver was removed from the

body immediately after death, and, after being divided into small

pieces, was thrown into boiling water, the infusion or decoction con-

tained very little sugar, and that the small quantity which was present

did not increase even when the decoction was allowed to stand for

some time. The decoction, however, was peculiarly opalescent, in-

deed milky in appearance ; whereas the decoction of a liver which
had been allowed to remain exposed to warmth for some time after

death, before being boiled, and which accordingly contained a large

amount of sugar, was quite clear. On adding saliva, or other amy-
lolytic ferment, to the opalescent, sugarless or nearly sugarless, de-

coction and exposing it to a gentle warmth (35°—40°), the opalescence

disappeared; the fluid became clear, and was then found to contain

a considerable quantity of sugar, the sugar thus formed being identical

with ordinary grape-sugar. Here again the explanation was obvious.

The opalescence of the decoction of boiled liver is due to the presence

of a body which is capable of being converted by the action of a fer-

ment into grape-sugar, and is therefore of the nature of starch. At the

moment of death the liver must contain a considerable quantity of this

substance, which after death becomes gradually converted into sugar,

apparently through the action of some amylolytic ferment present in

the liver itself or retained within the hepatic vessels. Hence the

post-mortem appearance of a continually increasing quantity of sugar.

By precipitating the opalescent decoction with alcohol, by boiling

the precipitate with alcohol containing potash, whereby the proteid

impurities clinging to it were destroyed, and by removing adherent

fats by ether, Bernard was able to obtain this sugar-producing or

glycogenic substance in a pure state as a white amorphous powder,

with a composition of CeH^^Og, and therefore evidently a starch.

^ Nouv. Fonct. du Foie, 1853.
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Its most striking differences from starch were that it gave a deep red

and not a blue colour with iodine, and that it dissolved in water

forming a milky fluid. He gave to it the name of glycogen.

Since Bernard's discovery glycogen has been recognised as a

normal constituent, variable in quantity, of hepatic tissue both in

vertebrate and invertebrate animals. That it is present in the

hepatic cells, and not simply contained in the hepatic blood, is shewn

by the fact that it remains in the liver after all blood has been

washed out of that organ. It has also been found in the placenta, in

muscle, white corpuscles, testes, brain, and in other situations ; the

tissues of the embryo at an early stage, especially before the liver has

become functionally active, are particularly rich in it.

Origin of the hepatic Glycogen. Bernard found glycogen to

be present in the livers of dogs which had been fed exclusively on

meat ; and was accordingly inclined at first to the opinion that the

glycogen in the liver was unconnected with the carbohydrates

taken as food and derived exclusively from the proteids, that its

presence in fact indicated the manufacture of non-nitrogenous out of

nitrogenous material. Flesh,, however, especially that of the horse

(so frequently used as food for dogs), contains glycogen, or at least

sugar, and this might serve as the source of the glycogen in the liver

of the flesh-fed dogs. Subsequent and more exact inquiries have led

to the following results.

When food is withheld from an animal, the glycogen in the liver

diminishes, rapidly at first, but more slowly afterwards. Even after

some days' starvation a small quantity is frequently still found;

but in rabbits, at all events, the whole may eventually disappear.

A diet of fibrin with fat and a little salt does not appreciably increase

the amount beyond that found in total abstinence. All observei'S

agree that fat alone does not produce any increase. A meat diet

does produce a certain amount. Cereals increase the amount con-

siderably, but the greatest and most rapid augmentation is effected

by sugar or starch, and it would seem especially by sugar \ Thus
in hens the percentage of glycogen reckoned for the wet liver was,

after two days' starvation, '5, after a diet of fibrin and fat '38, after

meat 1"06, after barley 3'62, after sugar with fibrin 9"26, the diet

in each case being administered for two days. Similar results have

been gained on rabbits and rats ; and though perhaps a distinction

has not been drawn with sufficient accuracy between carnivorous

and herbivorous animals, they may be taken as holding good for

animals of all kinds. Dock found that when an animal (rabbit)

was starved until the glycogen had wholly disappeared, the intro-

duction of sugar into the alimentary canal gave rise to the presence

of glycogen in the liver within a few hours, whereas water or proteids

1 MacDonncU, Nat. Hist. Rev. 1863, p. 541. Tscherinoff, Moleschott's Untersiich.

X. (1870) 22G. Dock, Pflliger's Archiv, v. (1872) 71. Mering, Pliuger's Archiv, xiv.

(1877) 274. Cf. also Pavy on Diabetes.
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had no such effect. All observers, in fact, are agreed that the pre-

sence of glycogen in any considerable quantity in the liver is more
directly influenced by saccharine or amylaceous than by any other

kind of food.

The question then arises, Is the accumulation of glycogen iii the

liver caused by the sugar which reaches the liver through the blood

becoming directly reconverted into the starch-like glycogen and
deposited in the hepatic cells ; or, has the hepatic glycogen quite

a different origin, being formed in the hepatic cells out of the breaking

up of their protoplasm, and being carried thence and consumed in

some way or other as the needs of the economy for carbohydrate

material demand, so that the excess which appears in the liver after

an amylaceous diet is due to the fact that the carbohydrates taken

as food cover the necessary expenditure and prevent any demand
being made on the hepatic store ? The answer to these questions

must depend on the answer to another question. What becomes of

the hepatic glycogen during life ? Is it reconverted little by little

into sugar which, passing into the blood of the hepatic veins, is

oxidized or otherwise made use of, or is it in the hepatic cells con-

verted into some more complex substance, it may be fat or some
other body ?

Fate of the hepatic Glycogen. The view that glycogen is con-

verted into fat is based chiefly on the fact, that, as we shall see later

on, the carbohydrates of the food are undoubtedly, in some way or

other, a source of the fat of the body, that a large quantity, fre-

quently a very large quantity, of fat is found in the hepatic cells,

and that the quantity of fat present seems to be increased by such

diets as naturally increase the glycogen in the liver. But we shall

have occasion to point out that the direct conversion of carbohydrates

into fat is at least disputed ; and no one has yet been able even to

suggest the way in which glycogen could be converted into fat.

Indeed the discussion as to the fate of the hepatic glycogen has been
made to turn chiefly on the question, whether normally, during life,

there is evidence of the reconversion of the glycogen into sugar,

whether the blood of the hepatic vein contains in life more sugar

than that of the portal vein. Pavy was the first to point out that

the blood in the hepatic vein, if care be taken to keep the animal
in a perfectly normal condition, contains no more sugar than does the

blood of the right auricle or of the portal vein, and indeed that the

liver itself, if examined before any post-mortem changes have had
time to develope themselves, is free from sugar ; in this he has been
supported by Tscherinoff, and others. Some observers, on the

contrary, support the old opinion of Bernard, that the liver does

normally discharge a certain quantity of sugar into the hepatic veins.

In presence of the conflicting evidence, we shall not go far wrong
in assuming that this older view is not as yet clearly disproved \

1 Cf. Bernard, Legons sur le Diaiete, 1877.
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The matter is probably one which cannot be settled by this method.

The quantitative determination of sugar in blood is open to many sources

of error. When the quantity of blood which is continually flowing through

the liver is taken under consideration, it is obvious that an amount of

sugar, which in the specimen of blood taken for examination fell within

the limits of errors of observation, might when multiplied by the whole

quantity of blood, and by the number of times the blood passed through

the liver in a certain time, reach dimensions quite sufficient to account for

the conversion into sugar of the whole of the glycogen present in the liver

at any given time. Normal hepatic blood was obtained by Pavy, by means
of an ingenious catheterisation. He introduced through the jugular vein,

into the superior, and so into the inferior vena cava, a long catheter,

constructed in such a manner that he could at pleasure plug tip the vena

cava below the embouchement of the hepatic veins, and draw blood exclu-

sively from the latter ; or vice versa.

If however we admit that the liver is either continually or at

intervals reconverting its glycogen into sugar, we are led to the con-

clusion that the hejDatic glycogen is in fact a reserve store of carbo-

hydrate material. And we can accept this conclusion without being

able to say definitely what becomes of the sugar thus thrown into the

hepatic blood. We have already (p. 286) urged the difficulties which
are occasioned by the view that sugar is oxidized in the blood, since

we have no proof that the blood can oxidize sugar. Such evidence as

we have has a contrary tendency. We may indeed suppose that the

sugar is converted into lactic acid, and that lactates are directly

oxidized in the blood ; but we have no positive proof that any such

oxidation does or can take place.

The fact that the amount of sugar in shed blood appears to diminish

gradually when the blood is allowed to stand for some time' is not a

sufficient argument that sugar is oxidized by the circulating blood ^.

On the other hand, there are theoretical reasons supporting

the view that a certain average composition is necessary for that

great internal medium the blood, in order that the several tissues

may thrive upon it to the best advantage, one element of that

composition being a certain percentage of sugar. We may sup-

pose that all or several of the tissues are continually drawing upon
the blood for sugar, and that hence a certain supply must be kept up
to meet this demand : we may imagine, for instance, that muscle is

continually, or from time to time, needing sugar to build up the

contractile material. Hence, when sugar is present in the blood

beyond what is needed, the excess is cast out of the body by the

kidneys, except that which, passing by the portal vein, becomes con-

verted into glycogen ; and, as a matter of fact, we know that more

sugar can be injected into the portal than into the jugular vein

before it reappears in the urine. When, again, the sugar in the blood

1 Bernard, nj). cit. Fslyj, Proc. Bny. Soc. xxvt. (1877) p. 346.
s Cf. Hoppe-Seyler, Pfluger's Archi'v, vii. (1873) p. 399.
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is deficient, the lack is at once supplied by a conversion of the hepatic

glycogen. Moreover, this view, that the glycogen of the liver is a
reserve fund of carbohydrate material, is strongly supported by the

analogy of the migration of starch in the vegetable kingdom. We
know that the starch of the leaves of a plant, whether itself having
passed through a glucose stage or not, is normally converted into

sugar, and carried down to the roots or other parts, where it fre-

quently becomes once more changed back again into starch. And
when we consider that at every meal an excess of carbohydrates is

thrown into the system, far more than is needed for the time being,

and yet not more than will be needed before the next meal, it appears

only natural that this excess should be at once, and without much
labour, laid up as a store of carbohydrate material, upon which the

economy can make a call as occasion demands. And this suggestion

is supported by the fact that whereas the glycogen of the liver varies

much according to the food taken, that present in the muscles is

fairly constant ; indeed glycogen may still be found in the muscles

when it has wholly disappeared from the liver. We may infer from
this that the glycogen in the muscle is, so to speak, functional ma-
terial, i. e. material about to be used up in the metabolism attendant

on muscular contraction, while that in the liver has no such purpose,

but is simply laid by for the future use either of muscles or of other

tissues. But if we entertain the view that the hepatic glycogen is

simpl}'- store glycogen, waiting to be converted into sugar little by
little as the needs of the economy demand, and not glycogen on its

way to take part, through the agency of the hepatic protoplasm, in

the formation of some more complex compound, there is no difficulty

in supposing that the glycogen which makes its appearance in the

liver after an amylaceous meal, arises from a direct conversion

of the grape-sugar carried to the liver by the portal vein, the

sugar becoming through some action of the hepatic protoplasm

dehydrated into starch, just as in the alimentary canal starch is

hydrated into sugar by the action of the salivary and pancreatic

ferments. Vegetable protoplasm can undoubtedly convert both starch

into sugar and sugar into starch ; and there are no a priori argu-

ments or positive facts which would lead us to suppose that the

activity of animal protoplasm cannot accomplish the latter as well

as the former of these changes. At the same time it must be re-

membered that this view does not preclude the possibility of glyco-

gen, in the absence of a supply of sugar from the portal bloody being

formed in other ways.

It has been stated' that glycerine introduced into the alimentary canal

gives rise to an increase of glycogen in the liver ; this, if true, shews
iindoubtedlj that hepatic glycogen may be formed in other ways than by
the direct dehydration of sugar. Milk-sugar, and inulin also, produce

^ Weiss, Wiener Sitzit)7gsberichte, Bl. Gl. Luchsinger, Pflilger's ^cc/tii?, viii. (1874)

289.
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an increase of hepatic glycogen, tlie glycogen so appearing having all

the normal characters. It is difficult to suppose that glycerine can be

dii-ectly converted into glycogen ; and we are led to suspect, that in this

case, the glycerine, by becoming oxidized, causes a saving in the expendi-

ture of carbohydrate material, and thus indirectly leads to an accumulation

of glycogen. But this view is opposed by the fact that lactic acid, to which

we should readily turn as being eminently oxidizable, and therefore emi-

nently calculated to save carbohydrate expenditure, does not lead to any

similar storing up of glycogen. And Luchsinger' states that glycerine in-

jected in considerable quantities under the skin, and absorbed from the

subcutaneous tissue, leads to no increase of glycogen; so that the glycogen

which appears in the liver when glycerine is introduced into the alimentary

canal would seem to come from some conversion of the glycerine as it

reaches the hepatic cells by the portal blood ] difficult as any chemical

conception of that conversion may be.

The statements ^vith regard to the glycogenic influence of gelatine are

conflicting". The balance of evidence is perhaps in favour of glycogen being

stored up in the liver as the result of a diet of pure gelatine. This would

indicate a transformation into glycogen of the non-nitrogenous moiety

resulting from that splitting up of gelatine of which we shall have to speak

later on.

The question may be asked. How is it possible for the glycogen,

which at the temperature of the body is so readily converted into

sugar by the action of ferments, to remain as glycogen in the pre-

sence of the ferment which, as we know from post-mortem changes,

exists in the hepatic tissue ? We can only answer that the solution

of this problem is of the same kind as that of the problems, why blood

does not clot in the living blood-vessels, why the living muscle does

not become rigid, and why the living stomach or pancreas does not

digest itself. It might be added, bearing in mind the history of the

fibrin ferment, that we have no proof that such an amylolytic fer-

ment does exist in the living hepatic cells. It is possible that the

ferment which can be extracted after death only makes its appear-

ance as the result of changes which have taken place in the proto-

plasm of the hepatic cells.

It is clear that the glycogen is contained in the hepatic cells ; but it is

by no means certain that it exists there in what may be called a free state.

The fact that under the microscope the hepatic cells give with iodine the

colour reaction of glycogen, is no proof of the glycogen being free. It

has been described as sometimes occurring in granules ; but this, if ever,

is certainly not always its condition. It is worthy of notice that all the

means adopted to extract glycogen from a tissue are such as would readily

decompose unstable complex compounds. If we advance the view that the

glycogen of the hepatic protoplasm does not exist as an independent body,

simply mixed with the other protoplasmic constituents, but is loosely con-

nected with other (possibly proteid) substances as part of a very complex

^ 0/). cit.

2 Bernard, MacDonnell, Luclisinger, Mering, op. cit. Wolffberg, Zt.j. Biol. xiii.

p. 206.
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compound, few facts would be fouud opposing, and many supporting, such
a view.

Diabetes. Natural diabetes is a disease characterized by the
appearance of a large quantity of sugar in the urine. Into the

pathology of the various forms of this disease it is impossible to enter

here; but a temporary diabetes, the appearance for a while of a large

quantity of sugar in the urine, may be artificially produced in animals
ia several ways. If the medulla oblongata of a well-fed rabbit be
punctured in the region which we have previously described (p. 158)
as that of the vaso-motor centre (the area marked out by Eckhard as

the diabetic area agreeing very closely with that defined by Owsjan-
nikow as the vaso-motor area), though the animal need not neces-

sarily be in any other way obviously affected by the operation, its

urine will be found, in an hour or two, or even less, to contain a con-

siderable quantity of sugar, and to be increased in amount. A little

later the quantity of sugar will have reached a maximum, after which
it declines, and in a day or two, or even less, the urine will be again
perfectly normal. The better fed the animal, or, more exactly, the
richer in glycogen the liver at the time of the operation, the greater

the amount of sugar. If the animal be previously starved so that
the liver contains little or no glycogen, the urine will after the
operation contain little or no sugar. It is clear that the urinary
sugar of this form of artificial diabetes comes from the glycogen
of the liver. The puncture of the medulla causes such a change
in the liver that the previously stored-up glycogen disappears,

and the blood becomes loaded with sugar, much if not all of which
passes away by the urine. In the absence of any proof to the
contrary, we may assume that in this form of artificial diabetes the
glycogen previously present in the liver becomes converted into

sugar, just as we know that it does become so converted by post-

mortem changes. The glycogenic function of the liver is therefore

subject to the influence of the nervous system, and in particular

to the influence of a region of the cerebro-spinal centre which we
already know as the vaso-motor centre, or at least of a part of that
region. We cannot at present define clearly the nature of that influ-

ence. We cannot say whether the temporary diabetes is a simple
effect of vascular dilation, or of some direct action of the nerves on
the metabolic activity of the hepatic protoplasm. The path of the
influence may be traced along the cervical spinal cord (and not along
the vagi, though the roots of these nerves lie so close to the diabetic

spot), as far down as (in rabbits) the level of the third or fourth

dorsal vertebra\ or even a little lower, from the spinal cord to

the first thoracic ganglion, and from thence to the liver by some
channel or channels at present undetermined.

According to Eckhard^ the phenomena are those of irritation, and not
of the simple withdrawal of any accustomed nervous influence. He states

1 Eckhard, Beitrcige, vni. (1877) p. 79. ^ Beitrage, it. (1869) 1; vii. 1.

F. P. 22
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that while meclianical injury of the first thoracic ganglion (see fig. 32) will

produce diabetes, no such efiect is produced if the ganglion be carefully re-

moved, or if its connections with the spinal cord or with the remainder of

the thoracic chain be completely divided.

Cyon and Aladofi"', on the contrary, regard the whole matter as one of

simple loss of vascular tone. They state that the diabetic puncture produces

dilation of the small branches of the hepatic artery, from injury to the

corresponding portion of the general vaso-motor centre, and accordingly

find, in opposition to Eckhard, that simple division of the nervous path,

removal of the first thoracic ganglion, or division of certain (variable) nerves

proceeding from it, produces diabetes equally well as irritation of the gan-

glion. Eckhard found that simple section of the splanchnic nerves not only

did not produce diabetes but even prevented its occurrence when performed

previously to the diabetic puncture. On the hypothesis that the phenomena
in qiiestion are those of irritation and not of paralysis, this fact woiild seem

to shew that the splaiichnics serve as the channels by which the impulses

set up in the medulla, thoracic ganglion, &c., reach the liver. Cyon and-

Aladofi" however regard the absence of diabetes after simple section of the

splanchnics as a proof that the vaso-motor fibres concerned in the matter pass

to the liver by some other channel than the splanchnics; and they explain

the preventive influence of previous section of the splanchnics, by supposing

that this operation, by withdrawing a large quantity of blood into the

abdominal organs, prevents the efiects of the dilation of the comparatively

small hepatic artery from manifesting themselves. For accoi-ding to them,

it is not the total quantity of blood, but the relative proportion of arterial

blood reaching the liver, which determines the appearance of the sugar.

Simple section of the spinal cord (in rabbits) sometimes does and some-

times does not produce diabetes, and in all cases the effect appears rapidly

and soon disappears. Complete section of the spinal cord at any height down
to the level of the third or fourth dorsal vertebra renders the diabetic

pimcture ineffectuaF, and prevents the diabetes of morphia poisoning from

being developed. Section of the vagi may produce a very slight and
passing diabetes, but stimulation of the central end of either vagus may
give rise, apparently by reflex excitation of the medullary centre, to a

marked quantity of sugar in the urine. The diabetic puncture is in no
way interfered with by previous section of both vagi.

Artificial diabetes is also a prominent symptom of urari poisoning.

This is not due to the artificial respiration, which is had recourse to

in order to keep the urarized animals alive; because, though disturb-

ance of the respiratory functions sufficient to interfere with the

hepatic circulation may produce sugar in the urine, artificial respi-

ration may be carried on without any sugar making its appearance.

Moreover, it is seen in frogs, in which respiration can be satisfactorily

carried on without any pulmonary respiratory movements.

A very similar diabetes is seen in carbonic oxide poisoning ; and

is one of the results of a sufficient dose of morphia or of arayl

nitrate.

1 Bull. Acad. Imp. Sci. St Petersh. xvi. (1S71) 303.
^ Eckhard, Beitnige., viii. 79.
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According to Dock', sugar appears in the urine of urarized mammals,
even when they are starving and jjresumably contain no glycogen in their

livers. If this be so, urari diabetes must have quite a diiferent causation

from puncture diabetes ; but Winogradoff^ found no sugar in the urine of

curarized frogs from which the livers had been removed^ and Saikowsky^
found that in mammals after arsenic poisoning urari did not produce
diabetes, shewing that if in urari poisoning the sugar does not come from,

the liver but from the muscles, arsenic has a like effect in preventing the
accumulation of glycogen in the latter as in the former.

Eckhard* found that morj)hia diabetes was, like the puncture diabetes,

prevented by section of the splanchnics or by section of the spinal cord
above the level of the third or fourth dorsal vertebra. The drug ap-

pears therefore to act through the medullary diabetic centre.

The subcutaneous injection of glycerine prevents (but not in all cases,

and not always effectually) the appearance of diabetes after the puncture*
or after morphia poisoning. The reason of this is not at present clear.

The urine at the same time becomes bloody.

The injection of glycogen in sufficient quantity into the blood gives

rise in the urine not only to sugar but to a much larger quantity of a
substance identical apparently with Briicke's achroodextrin".

There can be no doubt that in diabetes, arising from whatever
cause, the sugar appears in the urine because the blood contains more
sugar than usual. The system can only dispose (either by oxidation, or

as seems more probable in other ways) of a certain quantity of sugar in

a certain time. Sugar injected into the jugular vein reappears in the
urine, whenever the injection becomes so rapid that the percentage
of sugar in the blood reaches a certain (low) limit. Sugar in the
urine means an excess of sugar in the blood. How in natural dia-

betes that excess arises, we have at present no facts to shew ; but it

is extremely probable that the sources of the excess may be various,

and hence that several distinct varieties of diabetes may exist. In
one among many points, the clinical history of diabetes throws light

on the possible sources of glycogen. While in many, especially of the
less severe cases of diabetes, withdrawal of all amylaceous food is fol-

lowed by a disappearance of sugar from the urine, in many instances

the sugar continues to be discharged even though the diet be perfectly

free from carbohydrates ; and in many other cases the sugar in the
urine is far in excess of that taken as food. In these cases the sugar
must have some non-amylaceous source ; from this we infer that gly-

cogen also may have a similar origin ; and the fact that the urea
is increased (and that too in some cases in ratio with the sugar^)

in diabetes, suggests that the sugar may arise from proteids which
have been split up into a nitrogenous (urea) and a non-nitrogenous
moiety. It has been shewn by Wickham Legg, and confirmed

1 Op. cit. 2 Yirchow's ArcMv, xxvn. (1863) p. 533.
a Centrbt. Med. Wiss. 1865, p. 769. * Op. cit.

5 Luchsinger, Pfliiger's Arcliiv, xi. (1875) 502.
6 Boelim and Hoffmann, Archiv Exp. Path. vii. (1877) 489.
7 Einger, Med. Chir. Trans, xliii.
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by Von Wittich, that ligature of tlie bile-ducts causes a disap-

pearance of glycogen from the liver, and that (four or six days)

after the ligature the diabetic puncture produces no diabetes. This

cannot be explained by supposing that the glycogen formed previous

to the operation is rapidly converted into sugar by a ferment deve-

loped in the stagnant bile, for no sugar appears in the urine. We are

rather led to infer that the formation of the glycogen is prevented by
interference with the nutritive functions of the hepatic cells.

Various suggestions have been made with reference to the chemical

ways in which carbohydrate material might make its appearance during

hepatic metabolism. It has been pointed out, for instance, that proteid

matei'ial might be spHt np into glycogen and the bile-acids, or that glycin

might be split up into urea and glucose [iQ^^^O^ = 2 CH^N^O +CgHj20g).

But these views must at present be considered as suggestions only.

Tlie History of Fat. Adipose Tissue.

Of all the tissues of the body adipose tissue is the most fluctu-

ating in bulk ; within a very short space of time a large amount of

adipose tissue may disappear, and within an almost equally short

time the quantity present in a body may be several times multiplied.

Histological inquiries teach us that when an animal is fattening the

minute drops or specks of fat normally present in certain connective-

tissue corpuscles are seen to increase in number, the protoplasm
enlarging at the same time. As these specks increase they coalesce

into drops, which by similar coalescence form larger drops, until, the
protoplasm first ceasing to increase and then diminishing, the original

connective-tissue corpuscle is transformed into a fat-cell, with a
remnant only of protoplasm gathered round the nucleus and forming
an imperfect envelope round the enlarged contents. When, on the
contrary, an animal is fasting, the fat seems in some way to escape from
the cell, which it may leave as an empty bag collapsed around the

nucleus. These facts point to the conclusion that the fat of adipose

tissue is not simply and mechanically collected in the cell, but is

Ibrmed by the active agency of the cell, being apparently the result

of a breaking up of the protoplasm; when formed, however, it appears
to be discharged from the cell in a more or less mechanical manner, as

the needs of the economy demand. And this view is supported by
the fact that protoplasm, wherever occurring, both during life and
after death (when it could not possibly be supplied with fat from
without), is subject to fatty degeneration, in which the fat evidently

arises, in large part at least, from the breaking up of proteid com-
pounds.

On the other hand, we have traced the fats taken as food, and
found that they pass with comparatively little change from the

alimentary canal into the blood, either directly, or through the inter-

mediate passage of the chyle. We might infer from this that an
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excess of fat thns entering the blood would naturally be simply stored

up in the available adipose tissue, without any further change, the
connective-tissue corpuscles after the fashion of an amoeba eating

the fat brought to them but not digesting it, simply keeping it in

store till it was wanted elsewhere.

Which of these views is the true one, or how far are both these

operations carried on in the animal body ? In the first place, it is

evident that in an animal fattened on ordinary fattening food, only a
small fraction of the fat stored up in the body can possibly come
direct from the fat of the food. Long ago, in opposition to the views
of Dumas and his school, who taught that all construction of organic

material, that all actual manufacture of protoplasm or even of its

organic constituents, was confined to vegetables and unknown in

animals, Liebig shewed that the butter present in the milk of a cow
was much greater than could be accounted for by the scanty fat

present in the grass or other fodder she consumed. He also urged,

as an argument in the same direction, that the wax produced.by bees
is out of all proportion to the fat contained in their food, consisting as

this does chiefly of sugar. And Lawes and Gilbert^ have shewn by
direct analysis that for every 100 parts of fat in the food of a fatten-

ing pig, 472 parts were stored up as fat during the fattening period.

It is clear that fat is formed in the body out of something which is

not fat.

There are two possible sources of this manufactured fat. In
treating of digestion (p. 242), we referred to the possibility of digested

carbohydrates becoming converted into fats by the butyric acid

fermentation. Analogous ferment-actions may similarly elaborate

other fats. And there can be no doubt that a carbohydrate diet

is most efficacious in producing an accumulation of fat in the body.

Sugar or starch, in some form or other, is always a large constituent

of ordinary fattening foods.

Another source of fat is to be found in the proteids. We have
seen that the urea of the urine practically represents the whole of the
nitrogen which passes through the body. Now in any given quantity
of urea the amount of carbon is far less than that found in the
quantity of proteid containing the same amount of nitrogen. Thus
the percentage composition of the two being respectively.

Sulphur.

113

100 grms. of urea contain about as much nitrogen as 300 grms. of

proteid; but the 300 grms. of proteid contain 189 grms. (159 — 20)
more carbon than do the 100 grms. urea. Hence the 300 grms. of

proteid in passing through the body and giving rise to 100 grms. of

urea, would leave behiud 139 grms. of carbon, in some combination or

1 Phil. Trans. 1860.
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other; and this surplus of carbon, if the needs of the economy did

not demand that it should be immediately converted into carbonic

acid and thrown off from the body, might be deposited somewhere in

the form of fat. We have already seen, in treating of the action of

the pancreatic juice (p. 201), that there is evidence of a fatty element

being thrown off from the complex proteid compound in the very

process of digestion.

It is clear that a construction of fat does occur in the body
somewhere. What limits can we place on the degree to which
this construction is carried? In reference to this point it is worthy
of notice that the compos-ition of fat varies in different animals. The
fat of a man differs from the fat of a dog, even if both feed on
exactly the same food, fatty or otherwise. Were the fat which is

taken as food stored up as adipose tissue directly and without change,

recourse being had to other sources of food for the construction of

fat only in cases where the fat in the food was deficient, we should

expect to find that the constitution of the fat of the body would
yoxj greatly with the food. So far from this being the case, Sub-
botin^ finds that the fat of the dog is, as far as composition is con-

cerned, almost entirely independent of the food, that the normal
constituents of fat make their appearance as usual, though some of

them may wholly be absent in the food, and that abnormal fats

presented as food are not to be found in the fat which is stored up in

the body as a consequence of a large supply of that food.

Subbotin, after starving a clog till he had reason to think all fat had
disappeared from the body, fed it largely on palm-oil (containing palmitiu

and olein but no stearin) and the very leanest meat. The composition of

the fat which was stored \ip during this diet is shewn in column 2, the

normal constitution of the fat of a dog being shewn in column 1. Another
dog, after a similar removal of the natiiral fat by starvation, was fed on meat
and a soap composed of palmitic and stearic acids. The animal in this

case received no olein. Yet the composition of his fat was that given iu

column 3.

1. 2. 3.
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stituents whicli were present were simply stored up; but it is also

open for us to suppose that all the fat taken as food was in some
way or other disposed of, and that all the new fat which made its

appearance was constructed anew. And the latter view is supported

by the histological facts mentioned above (p. 340), as well as by other

considerations, which we shall presently have to urge. At the pre-

sent, however, we may be content with the following conclusions.

1. Fat is formed anew in the animal body. 2. The carbon ele-

ments of the newly-formed fat may be supplied either from amyla-
ceous food, or from the carbon surplus of prateid food, or from fats

taken as food which are not the natural constituents of the body-
fat. 3. The fat stored up appears as fat granules or drops de-

posited in the protoplasm of certain cells, and the increase of the

fat in the cells is accompanied first by a growth, and subsequently

by a decay of the protoplasm; but there is no complete evidence

to shew whether the fat-granules which appear are simply deposited

by the protoplasm in a more or less mechanical manner, without
their forming an integral portion of it, or whether they arise from a
breaking up, a functional metabolism of the protoplasm itself.

The question toiiclied on here is one the solution of which is probably

still far distant. We know that protoplasm such as that of Penicillium

'

can build itself up out of ammonium tartrate and inorganic salts, and can by
a decomposition of itself give rise to fats and other bodies ; and we have
every reason to suppose that this constructive power belongs naturally to all

native protoplasm wherever found. At the same time, we see that even in

Penicillium it is of advantage to offer to the protoplasm as food, substances

such as sugar and proteids (peptone) which are, so to speak, already on
the way to becouie protoplasm ; the organism is thus saved much construc-

tive labour. And we may imagine that a cell would always take and assimi-

late into itself already constructed fats, sugar, proteids, &c., rather than

have the preliminary trouble of building up these substances out of simpler

compounds. But when we consider how in every being, every cell and
every part of a cell has its own individual characters, stamped on it by long

hereditary action, we see a reason why every bit of pi'otoplasm, especially in

the higher more differentiated organisms, should be made anew. And the

energy required for the construction is always at hand. The food, which,

instead of being directly assimilated without loss of energy, is reduced to

simple compounds, sets free an energy which remains available for recon-

struction. Of course in every such decomposition and recomposition there

will be an irrecoverable loss m the form of heat which escapes; but, as we
know, the whole of animal life is arranged with a view to this continual

loss. It is not therefoi-e so imreasonable as at first sight appears, to

suppose that the animal protoplasm is as constructive as the vegetable

]jrotop)lasm, the difference between the two being that the former, xmlike

the latter, is as destriictive as it is constructive, and therefore requu-es to

be continually fed with ready constructed material.

1 Huxley and Martin, Elementary Biologij, Lesson v.
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Tlie Mammary Gland.

Althous^i milk is a secretion, and indeed an excretion, although

therefore tlie mammary gland cannot be classed as a metabolic

tissue, in the limited meaning we are now attaching to those words,

yet the metabolic phenomena giving rise to the secretion are so

marked and distinct, and have so many analogies with the metabolic

events in adipose tissue, that it will be more convenient to consider the

matter here, rather than in what would seem its more proper place.

Human milk has a specific gravity of from 1"028 to 1*034, and
when quite fresh possesses a slightly alkaline reaction. It speedily

becomes acid, and cow's milk, even when quite fresh, is sometimes

slightly acid, the change of reaction taking place during the stagna-

tion of the milk in the mammary ducts.

The constituents of milk are :

1. Proteids, viz. casein, and an albumin, agreeing in its general

features with ordinary serum-albumin. The casein may be thrown
down by the careful addition of acetic acid; but the most complete
precipitation is effected by first adding to the milk a slight quantity

of acetic acid, and then passing through it a stream of carbonic

acid. From the filtrate the serum-albumin, which is present in

small and variable quantities, may be obtained by coagulation with

heat, or by precipitation with potassium ferrocyanide, &c.

2. Fats. These are palmitin, stearin and olein.

There are present also, to the extent of about 2 per cent, of the total

fat, the glycerides of butyiic, capronic, caprjlic, and myristinic acids.

3. Milk-sugar, the conversion of which into lactic acid gives rise

to many of the features of milk.

4. Extractives, including, according to some observers, urea, and

salts. The last consist chiefly of potassium phosphate, with calcium

phosphate, potassium chloride, small quantities of magnesium phos-

phate and traces of iron.

The following is the composition of 1000 parts of

Human Milk. Cow's Milk.

Casein
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gland at the beginning of lactation, differs from milk in being very

deficient in casein and proportionately rich in albumin. It is said

that the milk at the end of a long lactation again becomes poor in

casein and rich in albumin. Milk on standing turns sour and curdles.

This is due to the milk-sugar becoming converted by a fermentative

process into lactic acid, which in turn precipitates the casein. The
change may be rapidly brought about by means of a ferment con-

tained in the gastric membrane. (See p. 194.)

Milk, like the other secretions which we have studied, is the

result of the activity of certain protoplasmic secreting cells forming

the epithelium of the mammary gland. As far as the fat of milk

is concerned, the processes taking place in the gland are very in-

structive, since the fat can be seen to be gathered in the epithelium

cell, in the same way as in a fat-cell of the adipose tissue, and to

be discharged into the channels of the gland, either by a breaking

up of the cells, or by a contractile extrusion very similar to that

which takes place when an amoeba ejects its digested food. All the

evidence we possess goes to prove that the fat is formed in the

cell through a metabolism of the protoplasm. The microscopic

history is thoroughly supported by other facts. Thus the quantity

of fat present in milk is largely and directly increased by proteid,

but not increased, on the contrary diminished, by fatty food\ This

is quite intelligible when we know, as will be shewn in a succeeding

section, that proteid food increases, and fatty food diminishes, the

metabolism of the body; and, we have already discussed the manner
in which proteid material may give rise to fat. A bitch fed on meat

for a given period gave off more fat in her milk than she could

possibly have taken in her food, and that too while she was gaining

in weight, so that she could not have supplied the mammary gland

with fat at the expense of fat previously existing in her body. In

the ' ripening ' of cheese we have a similar conversion of proteids

into fat. We have also evidence that the casein is, like the fat, formed

in the gland itself. When milk is kept at 35 degrees C. out of the

body the casein is increased at the expense of the albumin. "When

the action of the cell is imperfect, as at the beginning or end of lac-

tation, the albumin is in excess of the casein ; but as long as the

cell possesses its proper activity the formation of casein becomes

prominent. It has been suggested that the casein may be formed

by a splitting up of albumin by some fermentative process, but no

such ferment has yet been isolated. That the milk-sugar also is

formed in and by the protoplasm of the cell, is indicated by the fact

that the sugar is not dependent on carbohydrate food, and is main-

tained in abundance in the milk of carnivora when these are fed

exclusively on meat, as free as possible from any kind of sugar or

glycogen. We thus have evidence in the mammary gland of the

formation, by the direct metabolic activity of the secreting cell, of

1 Subbotin and Kemmerich, Chi. Med. Wiss. 1866, p. 337.



34:6 MILK. [Book ii.

the representatives of the three great classes of food-stuffs, proteicis,

fats and carbohydrates, out of the comprehensive substance proto-

plasm. And what we see taking place in the mammary cell is

probably a picture of what is going on in all protoplasmic bodies.

If the fat of the milk were not ejected from the mammary cell, the

mammary gland would become a mass of adipose tissue, especially

if, by a slight change in the metabolism, the production of fat were

exalted at the expense of the production of casein or milk-sugar. If,

again, by a similar slight change the milk-sugar were accumulated

rather than the fat or proteid, we should have a result which, by an

easy step, would bring us to glycogenic tissue. And, lastly, if the

proteid accumulation Avere greater than the fatty, or the saccharine,

these being carried off in some way or other, we should have an

image of the nutrition of an ordinary nitrogenous tissue.

That both the secretion and ejection of milk are tinder the control of

the nervous system is shewn by common experience, but the exact nervous"

mechanism has not yet been fully worked out. While erection of the

nipple ceases when the spinal nerves which supply the breast are divided,

the secretion contmnes, and is not arrested even when the sympathetic as

well as the spinal nerves are cvit^

Tlie Spleen.

The Spleen may be wholly removed from an animal without any

obvious changes in the economy taking place ; the functions of the

rest of the body appear to go on unimpaired. We are obliged to

assume that some compensating actions take place : but what those

actions are we do not know, and we are left at present by these

experiments almost completely in the dark as to the functions of

the spleen. The most that has been observed is a slight increase

in the lymphatic glands, and in the activity of the medulla of bones.

Schijff^ maintains that after extirpation of the spleen, pancreatic juice

is no longer able to digest proteids. He believes that the spleen during its

turgescence manufactures a substance, which being carried to the panci-eas,

gives rise by a kind of ferment action of its own to the pancreatic proteolytic

ferment. In the language of Heidenhain's results, the presence of the

splenic product is necessary for the conversion of the zymogen into the

pancreatic proteolytic ferment. Herzen^ further states that in the ex-

ceptional cases where the spleen does not become turgid during digestion,

the pancreatic juice is inert towards proteids. The evidence in favour of

this action of the spleen is, at present, not cogent, and Hosier* denies that

extirpation of the spleen has any influence whatever over either gastric or

pancreatic digestion.

After a meal the spleen increases in size, reaching its maximum

1 Eckhard, Beitrdge, i. and viii. (1877) p. 117. Kolirig, Virchow's Archiv, lxyii.

(1876) p. 119.
'^ Schweiz. Zt. f. Ileilk. i. (18G2) p. 209. See also Legons .mr la Difje.ttion.

a Cbt.f. Med. Wiss. 1877, p. 4by. ^ cbt.f. Med. Wiss. 1871, p. 290.
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about five hours after the taking of food ; it remains swollen for some

time, and then returns to its normal bulk. In certain diseases, such

as in the pyrexia attendant on fevers or inflammations, and more

especially in ague, a similar temporary enlargement takes place. In

prolonged ague a permanent hypertrophy of the spleen, the so-called

ague-cake, occurs.

The turgescence of the spleen seems to be due to a relaxation

both of the small arteries and of the muscular bands of the trabeculse

;

to be, in fact, a vaso-motor dilation accompanied by a local inhibi-

tion of the tonic contraction of the other plain muscular fibres

entering into the structure of the organ. And the condition of the

spleen, like that of other vascular areas, appears to be regulated by
the central nervous system, the digestive turgescence being altogether

comparable to the flushed condition of the pancreas and the gastric

membrane during their phases of activity.

According to Tarclianotf' section of the splenic nerves causes a turgescence

lasting for some time, but disappearing in the course of a few days.

Stimulation of the spinal cord causes a slirmking, which, however, fails to

raake its appearance if the splanchnic nerves be previously divided. The
shrinking or constriction may be brought about in a reflex manner by
stimulation of the central stump of the sciatic nerve. The eifect, however,

is in the case of this nerve slight, whereas if the central stump of the vagus

be stimulated, a very marked shrinking is observed. Local stimulation

causes local shrinking; if the electrodes of an interrupted current be drawn
across a turgid spleen, their course is marked by a white line of con-

striction lasting for some little time. Contraction of the spleen is also

caused by quiaine and strychnia.

This functional intermittent turgescence, so clearly related to the

ingestion of food, may be connected with that manufacture of white

corpuscles and destruction of red corpuscles of the blood, of which we
spoke in an early chapter (p. 29) ; but when the peculiar arrange-

ments of the blood-vessels of the spleen, with their large open
venous networks, are borne in mind, it seems in the highest degree

probable that metabolic events of great importance (possibly asso-

ciated in some way with the metamorphosis of the blood-corpuscles)

take place in the spleen, though at present we are unable to follow

them. And this view is supported by the somewhat peculiar

chemical characters of the spleen-pulp, which, in spite of its con-

taining a very large number of blood-corpuscles, differs markedly in

its chemical composition from either blood or serum. Thus a

special proteid of the nature of alkali-albumin seems to be present,

holding iron in some way peculiarly associated with it. The occur-

rence of this ferruginous proteid, accompanied as it is by several

peculiar but at present little understood pigments, rich in carbon,

bears out the histological conclusions concerning the disappearance

of the red corpuscles. The inorganic salts of the spleen, or at least

1 Pfliiger's Archiv, vni. (1874) 97.
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those of its ash, are remarkable for the large amount of both soda and

phosphates, and the scantiness of the potash and chlorides which they

contain, thus differing from blood-corpuscles on the one hand, and

from blood-serum on the other. But perhaps the most striking

feature of the spleen-pulp is its richness in the so-called extractives.

Of these the most common and plentiful are succinic, formic, acetic,

butyric and lactic acids (these may arise in part from the decom-

position of heemoglobin), inosit, leucin, xanthin, hypoxanthin and

uric acid. Tyrosin apparently is not present in the perfectly fresh

spleen, though leucin is: both are present after decomposition has

set in. The constant presence of uric acid is remarkable, especially

since it has been found even in the spleen of animals, such as the

herbivora, whose urine contains none. No less suggestive is the fact

that tlie increase of uric acid in the urine during ague, and during

ordinary pyrexia, seems to run parallel to the turgescence, and

therefore presumably to the activity, of the spleen. But these facts

are at present suggestive only ; they point to an active metabolism

associated with digestion taking place in the spleen ; exact informa-

tion as to the nature of the metabolism is however wanting. The
thyroid and thymus bodies, often in descriptions associated with the

spleen, though ditferent in structure, the former entirely so, resemble

the spleen somewhat, as far as their extractives are concerned. The
thymus contains leucin, xanthin and hypoxanthin, with lactic and

succinic acids ; uric acid seems to be absent. The extractives of the

thyroid are scant}^, but apparently of the same nature.

Sec. 2. The Histoey of TJeea and its Allies.

We may now return to the questions which we left unanswered

at p. 327, Where is urea formed ? what are its immediate ante-

cedents? what are the various chemical links between it and the

proteid material of which it is the excretory representative ?

We have seen, p. 34, that the muscular tissues contain kreatin,

together with smaller quantities of allied nitrogenous crystalline

bodies, such as xanthin, hypoxanthin, &c. ; and we cannot go far wrong

in supposing that these bodies are in some way or other the products

of muscular metabolism. We do not know in what quantities they

are formed ; but since they are such bodies as would readily be

carried away from the muscle by the blood-stream, and yet are always

to be found in the muscle, we infer that they are continually being

formed, and as continually being converted into some other bodies

and carried away. And we may further say, that since kreatin exists

in muscle to the extent of "2 or "4 p. c, and since muscle forms so

large a portion of the whole body, it is at least possible, if not

probable, that a considerable amount of kreatin passes within twenty-

four hours into the blood, on its way to become transformed by other

tissues into urea, or into some stage nearer to urea than itself.
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The urine contains a certain amount (•9gm. in 24 hours) of kreatin,

or kreatinin, into wliicli kreatin is easily converted; but neither of these

can be considered as the normal channel by which the kreatin formed in

the muscles passes out of the body. For the urinary kreatin is exceedingly

variable in quantity, vanishes during starvation, and, though not at all

increased by exercise, is largely augmented by a flesh-diet^ ; and kreatin

injected into the blood, even in small quantities, reappears unchanged in

the urine. Without laying too much stress on the last fact, we are led

to conclude that the kreatin or kreatinin in urine has an origin quite

independent of that which is present in the muscles, being probably derived
dii-ectly from the food.

With regard to the substances, such as xanthin, which appear in

muscle in small quantities only, our information is too imperfect to allow
us to make any statement whatever about them.

While then we have some reason for thinking that the kreatin

found, and presumably formed, in muscle is a more or less distant

antecedent of urea, it must be remembered that this is simply a
more or less probable view, not an ascertained or clearly proven fact.

Of the metabolism of the nervous tissues Ave know little ; but
kreatin is found in the brain, in some cases in not inconsiderable

quantity. Now the bodies of the nerve-cells are undoubtedly com-
posed of protoplasm; the axis- cylinders of the nerve-fibres are also

protoplasmic in nature, and it is at least possible that much of the
peculiar matrix of the cerebral and cerebellar convolutions, and of the
grey matter generally, is also in reality protoplasmic. Hence we may,
with a certain amount of reason, suppose that the nervous, like the
muscular tissues, are continually, but to a much less extent, supplying
an antecedent to urea in the form of kreatin.

Lastly, the spleen contains a considerable quantity of kreatin, as

well as of xanthin, &c.; and these are present also in various gland-
ular organs.

We thus ha.ve evidence of a continual formation of kreatin, possi-

bly in large quantities, in various parts of the body. On the other
hand, urea is certainly not present in muscle (save in certain ex-

ceptional cases) and its presence in nervous tissue is extremely
doubtful. It is absent from the spleen (of the occurrence of urea in

the liver we shall speak presently), the thymus, and thyroid bodies,

and from the lymphatic glands, though uric acid, as we have seen,

appears to be a normal constituent of the spleen. It seems very tempt-
ing to jump at once from these facts to the conclusion that kreatin is

the natural antecedent of urea, and that as far as nitrogenous excre-

tion is concerned the labour of the kidney is confined to the simple
transformation of kreatin into urea. We have only to suppose that

the kreatin passes from these several tissues into the blood, in which
it may be found, and while circulating in the blood is seized upon
by the renal epithelium and converted into urea. And there are

some facts which sujDport this view. But there are others which

1 Volt, Zt.f.Biol.iY.n.
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oppose it; and while it cannot be said to be wholly disproved, it

cannot at present be accepted as sufficiently satisfactory to serve as

a foundation for other arguments.

In tlie first place, urea, in spite of its absence from the muscles and
other tissues, is always present in the blood, and has also been found in the

chyle, in the serous fluids, and in saliva. It might be urged of course that

this urea is, so to speak, an overflow from the kidney, that owing to its

great diffusibility it has passed back from the renal epithelium where it was
manufactured into the blood-stream. When, however, we reflect how all

difi"usion is overborne by the natural physiological currents, as shewn
indeed by the absence of iirea from muscle, in spite of its presence in the

blood, this argument loses all the little force it had.

In certain diseases of the kidney, the excretion of urine ceases. This

suppression of ui-ine, as it is called, is followed by an accumulation of urea

in the blood and all parts of the body, and is accompanied by symptoms
known as those of urjemic poisoning, though the toxic consequences are

due not to the jDresence in the system of the large quantity of urea, but of

other, at present undefined, substances which have at the same time ceased

to be excreted. Oppler^ and Zalesky stated that when the kidneys of an
animal were extirpated, or the renal arteries ligatui-ed, though urajmic

symptoms set in as usual, there was no accumiilation of urea in the blood or

tissues, and no excess of carbonic acid or ammonium carbonate, such as might
have arisen from a rapid decomposition of urea. There was however a
marked accumulation of kreatin or of kreatinin. On the other hand, these

observers found that when the ureters were ligatured, so that the blood

was still brought under the influence of the renal epithelium, and yet the

products of the activity of that epithelium not allowed to escape, an
accumulation of urea (in birds of uric acid) and not of kreatin was observed.

These results, if indisputable, would indeed afibrd strong evidence of the

conversion of kreatin into urea by the agency of the renal epithelium.

They have however been much disputed. Thus Grehant', using what was
probably a better method for the estimation of urea, (and the detection of

urea in complex organic fluids is subject to very considerable errors,) came
to the conclusion that the urea in the blood, after extirpation of both
kidneys, rose from '026 and from "088 to "206 and "276 per cent, in 24
and 27 hours respectively. And Gscheidlen^ has come to a similar conclu-

sion. The results according to both these latter observers are the same
whether the kidneys are extirpated or the ureters tied ; in the latter case

the distension of the tubules soon renders the epithelium cells incapable

of performing their functions, and thus an animal, in which the ureters have
been ligatur-ed, is practically in the same condition as one from which the

kidneys have been removed. Neither Gi-ehant nor Gscheidlen make any
statement about an increase of kreatin. And it may be worth while to

notice that though the experiments of these observers prove that all the

urea of the ui-ine is certainly not formed in the kidney, they do not neces-

sarily oppose the view that some of it may be so formed out of kreatin or

some similar antecedent. Nor is there anything d, priori to contradict the

supposition that the origin of urea may be double, part being formed in one

.
1 Virchow's Archiv, sxi. 200. ^ (jht. Med. Wiss. 1970, p. 249.

^ Studlen ii. d. UrsprunQ d. Uarnstoffs. Leipzig, 1871.
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way and part in another. Lastly, the fact that urea injected into the blood

causes a rapid secretion of urine, may be used as an argument that the

habit of the renal epithelium is to pick out, so to speak, the urea from the

blood and to carry it into the channels of the renal tubules.

There is moreover another possible source of urea besides the
kreatin formed in muscle and elsewhere. We have seen that one
result of the action of the pancreatic juice is the formation of con-

siderable quantities of leucin and tyrosin. In dealing with the
statistics of nutrition, our attention will be drawn to the fact that the
introduction of proteid matter into the alimentary canal is followed

by a large and rapid excretion of urea, suggesting the idea that a
certain part of the total quantity of the urea normally secreted comes
from a direct metabolism of the proteids of the food, without these
really forming a part of the tissues of the body. We do not know to

what extent normal pancreatic digestion has for its product leucin,

and its companion tyrosin ; but if, especially when a meal rich in

proteids has been taken, a considerable quantity of leucin is formed,
Ave can perceive an easy and direct source of urea, provided that the
metabolism of the body is capable of converting leucin into urea.

That the body can effect this change is shewn by the fact that leucin,

when introduced into the alimentary canal in even large quantities,

does reappear in the urine as urea ; that is, the urine contains no
leucin, but its urea is proportionately increased ; and the same is

probably the case with tyrosin, though this is disputed. Now the
leucin formed in the alimentary canal is carried by the portal blood
straight to the liver ; and the liver, unlike other glandular organs,

does, even in a perfectly normal state of things, contain urea. We
are thus led to the view that among the numerous metabolic events
which occur in the hepatic cells, the formation of urea out of leucin or

out of other antecedents may be ranked as one. Probable, however,
as this view may seem, it has not as yet been established as a fact.

Meissner' found a large qiiantity of urea in the liver of mammals, and
of urates in the liver of birds. Cyon^ attempted to demonstrate the
formation of urea in the liver by passing a stream of fresh blood through
the liver of an animal recently killed, and estimating the percentage of
urea in the blood used before and after. He found it to be increased from
'08 to '176. This however is not conclusive, for, as Gscheidlen has urged*,

the increased quantity in the blood which had been circulated was simply
urea which had been washed out from the liver, where it had previously
been staying. A strong presumption in favour of urea arising through the
hepatic metabolism, from leucin as an antecedent, is afforded by the fact

that in cases of acute atrophy of the liver, where the hepatic cells lose

their functional activity, the urea of the urine is replaced by leucin and
tyrosin. And lastly, it may be remarked that not only are leucin and
tyrosin found in nearly all the tissues after death, especially in the
glandular tissues, but they also appear with striking readiness in almost

1 Zt. f. rat. Med. (3) xxxi. 144. 2 (7^^. j, jj^^. j^j-gs. igyo, p. 580.
a Of. also Muuk, Pfluger's Arcliiv, xi. (1875) p. 100.
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h11 decompositions of proteid, and, in the case of tlie former, of gelatini-

ferous substances.

The view that leucin is transformed into nrea lands ixs however in very

considerable difficulties. Leucin, as we know, is amido-caproic acid; and,

with our present chemical knowledge, we can conceive of no other way in

Avhich leucin can be converted into rn-ea than by the complete reduction of

the former to the ammonia condition, and a reconstruction of the latter

out of the ammonia so formed. We have a somewhat pai-allel case in

glycin. This, which is amido-acetic acid, when introduced into the ali-

mentary canal, also reappears as urea; here too, a reconstruction of urea

out of an ammonia phase must take placed And there are some recent

facts which point in exactly the same direction, viz. in a derivation of the

normal urea of the urine from a simple ammonia antecedent. 0. Schultzen^

finds that when an appropriate quantity of sarcosin is given by the mouth,

urea disappears from the urine, being replaced by a compound of sarcosin

and carbamic acid (in company with a compoiind of sai-cosin with sulphamic

acid). The interpretation of this result is that in normal metabolism the,

proteids are ultimately broken down to carbamic acid and ammonia, which
uniting and becoming subsequently dehydi'ated, form urea; thus CO„N^Hg
ammonium carbamate — H^O = CON„H^ urea ; but that carbamic acid,

having a greater affinity for sarcosin than ammonia, seizes the former

in preference when it is at hand, and consequently gives rise to Schultzen's

compound. There are however many difficulties in accepting this view.

In the first place, no compou.nds of carbamic acid are known to exist in

the blood or in the body^: this however perhaps is an objection of no great

validity. In the second place, sarcosin, though not apparently a normal
constituent of any of the tissues, should, if kreatin is normally converted

into urea, arise somewhere in the body constantly as a bye-product of

that conversion, since kreatin contains residues of both urea and sarcosin.

Schultzen's compound therefore ought to be a normal constituent of the

iirine, which apparently it is not. Nevertheless there remain the facts,

that leucin is in some way or other converted, in the body, into urea;

that leucin, since it occurs abundantly in the body, is probably a source

of part of the urea; and that leucin can only be converted into urea by
a decomposition into ammonia or an ammonia body, whereby the caproic

acid residue is set free either to be elaborated into a fat or to be oxidized

into carbonic acid. It is worthy of notice that this idea of a reconstruction

f)f urea out of ammonia agrees completely with the views expressed on

p. 343 concerning the constructive capacities of the animal organism.

To sum up our imperfect knowledge concerning the history of

urea. We have evidence, not exactly complete but fairly satisfactory,

that a part at least of the urea is simply withdrawn from the blood

by the renal epithelium. The activity of the protoplasm of the

secreting cells must therefore, as far as this part of the urea is con-

cerned, be confined to absorbing the urea from the renal blood, and
to passing it on into the cavities of the renal tubules. The mechanism
by which this is effected we cannot at present fathom, but it seems

^ Cf. Salkowski, Zt.f. Physiolog. Chem. i. (1877) 1. Schmiedeberg, Archiv f. Exp.
Path. VIII. (1877). - Berichte Deut. Chem. Gesell. 1872, p. 578.

•' Cf. Drechsel, Ludwig's Arheiten, 1875. Hofmeister, Pfliiger's Archiv, xii. (1876)

p. 337.
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more comparable to a selection of food than to anything else; the
cells appear to treat urea much in the same way as they treat

indigo-carmine (p. 325). The antecedents of the urea in the blood
are, we may at present suppose, partly the kreatin formed in muscle
and elsewhere, partly the leucin and other like bodies formed in the
alimentary canal as well as in various tissues. The transformation of

these bodies into urea may take place in the liver (and spleen), but
we have no exact proof of this, nor can we say exactly in what way
the transformation is effected. There is no proof of any body existino-

in the blood capable of effecting this transformation; and we may
probably rest assured that in this, as in other metabolic events, the
activity exercised in the change comes from some tissue, and cannot
be manifested by simple blood plasma.

Lastly, it is possible that the kidney may, besides the simpler
duty of withdrawing ready formed urea from the blood, be exercised
in transforming various nitrogenous crystalline bodies to serve as part
of the supply of urea which passes from it.

Uric Acid. This, like urea, is a normal constituent of urine, and,
like urea, has been found in the blood, and in the liver and spleen

;

we have already, p. 348, referred to its relations with this latter organ.

In some animals, such as birds and most reptiles, it takes the place

of urea. In various diseases the quantity* in the urine is increased;

and at times, as in gout, uric acic accumulates in the blood, and is

deposited in the tissues. By oxidation a molecule of uric acid can
be split up into two molecules of urea and a molecule of mesoxalic
acid. It may therefore be spoken of as a less oxidized product of

proteid metabolism than urea; but there is no evidence whatever to

shew that the former is a necessary antecedent of the latter ; on the
contrary, all the facts known go to shew that the appearance of uric

acid is the result of a metabolism slightly diverging from that leading
to urea. And we have no evidence to prove that the cause of the
divergence lies in an insufficient supply of oxygen to the organism
at large; on the contrary, uric acid occurs in the rapidly breathing
birds, as well as in the more torpid reptiles. It has been urged^
that birds, though breathing with great energy, yet consume oxygen
to such an extent that in spite of their income they are always in

lack of it ; but of this there is no proof, while the richness of their

blood in red corpuscles points in the opposite direction. Nor can
the fact that in the frog urea again replaces uric acid be explained
by reference to that animal having so large a cutaneous in addition
to its pulmonary respiration. The final causes of the divergence are

to be sought rather in the fact that urea is the form adapted to a
fluid, and uric acid to a more solid excrement.

1 It need hardly be pointed out that an increase in the quantity of uric acid in thfe

urine must be distinguished from an increase in the prominence of uric acid due to the
precipitation of its alkaline salts.

=* Odling, Lectures on Animal Chcviistry, p. 141.

F. P. 23
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Hippuric Acid- In the urine of herbivora uric acid is for the

most part absent, being replaced by hippuric acid. In the urine of

omnivorous man, botli acids may be present together. The history

of the hippuric acid of urine is very instructive ; for though at first

siolit its presence might appear to indicate that the metabolism of

the herbivora is in some points fundamentally different from that

of carnivora, there can be little doubt that the hippuric acid which

appears in the urine of herbivora comes directly from the ingested

food. Hippuric acid is a compound of benzoic acid and glycin ; and

when benzoic acid is introduced into the stomach of an animal,

whether herbivorous or not, it reappears not as benzoic but as hippuric

acid. If previous to the injection the liver be excised, the benzoic

acid passes out through the urine unchanged \ If the benzoic acid

be injected slowly into the portal vein, it issues as hippuric acid ; if it

be injected into the jugular, especially if it be injected rapidly, the

greater portion passes out by the urine as unchanged benzoic acid.

The explanation of these facts is obvious. The benzoic acid coming

to the hepatic cells in the portal blood, meets there with a certain

quantity of glycin ; Vfith this it unites and thus becomes hippuric

acid. Nitrobenzoic acid in a similar way becomes nitrohippuric acid,

and many other bodies, by a like assumption of glycin, become con-

jugated in their passage through the body. And it will be remem-

bered that the two bile acids are conjugates of cholalic acid with

o-lycin and taurin respectively. Now taurin is found in other tissues

besides the liver, ex. gr. in muscles a.nd in the lungs; but glycin is

not found preformed in any tissue, though it is readily obtained by

the decomposition of proteids and of gelatine. It appears however

from the experiments just quoted that the conjugation with glycin

can take place only in the liver ; there must therefore be disposable

glycin always present in the liver
;
yet it is not found in that organ

in a free state. From this we learn in the first place that the ab-

sence of a body in a free state from any tissue is no proof that the

body may not be habitually formed in that tissue ; and in the second

place, that the conjugation with glycin is the result of some activity

of the hepatic cells of such a kind that the glycin is produced in such

quantities only as are wanted ; it is never present in excess, and so

can never become free.

Meissner and Shepard^ however maintained that the transformation of

benzoic into hippuric acid took place not so much in the liver as in the

kidney; and Bunge and Schmiedeberg" have brought forward experimental

evidence to the same effect.

The knowledge of the fact that benzoic acid is thus converted

into hippuric acid naturally suggested the idea that the food of her-

bivora might contain either benzoic acid, or some allied body, and

that the presence of hippuric acid as a normal constituent of urine

1 Kliline u. Hallwachs. Virchow's Archiv, xii. (1857) 386.

8 Vie irq)i)u,rmure, Hanuover, 1866. ^ Archio. f. Ex2). Pathol, vi. (1876) 233.
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might be thus accounted for. And Meissner and Shepard' have
shewn that all the hippuric acid of herbivorous urine is in reality due
to the presence in ordinary fodder (hay) of a particular constituent

containing a benzoic residue ; when this constituent is withdrawn,
the hippuric acid disappears from the urine. They regarded this sub-

stance as a particular form of cellulose; but this does not seem certain^

Of the meaning of the appearance in the tissues of such bodies as

xanthin, &c. and of the exact nature of the metabolism which they
undergo, we know nothing. We cannot say whether they are simply
the accidental bye-products of nitrogenous metabolism, the result of

imperfect chemical machinery ; or whether they, though small in

quantity, serve some special ends in the economy.

Sec. 3. The Statistics of Nuteition.

The preceding sections have shewn us how wholly impossible it

is at present to master the metabolic phenomena of the body by
attempting to trace out forwards or backwards the several changes
undergone by the individual constituents of the food, the body or

the waste products. Another method is however open to us, the
statistical method. We may ascertain the total income and the

total expenditure of the body during a given period, and by com-
paring the two may be able to draw conclusions concerning the
changes which must have taken place in the body while the income
was being converted into the outcome. Many researches have of

late years been carried out by this method ; but valuable as are the

results which have been thereby gained, they must be received with
caution, since in this method of inquiry a small error in the data
may, in the process of calculation and inference, lead to most wrong
conclusions. The great use of such inquiries is to suggest ideas, but
the views to which they give rise need to be verified in other ways
before they can acquire real worth.

Composition of the Animal Body- The first datum we require

is a knowledge of the composition of the body, as far as the relative

proportion of the various tissues is concerned. In the human body,
according to E. Bischoff^, the chief tissues are found in the following

proportions by weight

:

Adult man New-born baby
(aged 33). (boy).

Skeleton 15-9 p. c. 17-7 p. c.

Muscles 41-8 „ 22-9 „
Thoracic viscera V7 „ 3"0 „
Abdominal viscera 7'2 „ 11*5 „

Fat 18-2 „ I g...

Skin 6-9 „
J ^ "

Brain 19 „ 15 "8 „

1 Op. cit. 2 Of. Weiske, Zt. f. Biol. xii. (1S76) p. 241.

2 Quoted by Eanke, Grundzuge, p. 148.

23—2
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An analysis of a cat gave Bidder and Schmidt^ the following-

Muscles and tendons 4o"0 p. c.

Bones 14-7 „

Skin 12-0 „

Mesentery and adipose tissue 3"8 „
Liver 4*8 „

Blood (escaping at death) 6'0 „

Other organs and tissues 13'7 „

One point of importance to be noticed in these analyses is that

the skeletal muscles form nearly half the body ; and we have already

seen (p. 31) that about a quarter of the total blood in the body is

contained in them. We infer from this that a large part of the

metabolism of the body is carried on in the muscles. Next to the

muscles we must place the liver, for though far less in bulk than
them, it is subject to more active metabolism, as shewn by the fact

that it alone holds about a quarter of the whole blood.

The Starving Body. Before attempting to study the influence

of food, it will be useful to ascertain what changes occur in a body
when all food is withheld. Voit^ found that a cat lost in a hunger
period of 13 days 734 grammes of solid material, of which 248"8 were
fat and 118'2 muscle, the remainder being derived from the other

tissues. The percentage of dry solid matter lost by the more im-
portant tissues during the period was as follows :

Adipose
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lost by the blood. It is worthy of remark that the tissues m general
became more watery than in health.

We may infer from these data the conchisions that metabolism is most
active first in the adipose tissue, next in such metabolic tissues as the
hepatic cehs and spleen-pulp, then in the muscles, and so on; but these
conclusions must be guarded by the reflection that because the loss of

cardiac and nervous tissue was so small, we must not therefore infer that
their metaholism was feeble; they may have undergone rapid metabolism,
and yet have been preserved from loss of substance by then- drawing upon
other tissues for their material.

During this starvation-period, the urine contained in the form of

urea (for, as we shall see, the other nitrogenous constituents of urine

may for the most part be disregarded) 27'7 grammes of nitrogen.

Now the amount of muscle which was lost during the period con-

tained about 15"2 of nitrogen. Thus, more than half the nitrogen of

the outcome during the starvation-period must have come ultimately

from the metabolism of muscular tissue. This is an important fact of

which Ave shall be able to make use hereafter. Bidder and Schmidt^
came to the conclusion, from their observations on a starvinof cat, that

the quantity of urea excreted per diem, in all but the earlier days of

the inanition period, bore a fixed ratio to the body-weight. In the
first two or three days of the jjeriod, the daily quantity of urea was
much greater than this. They were thus led to distinguish two
sources of urea : a quantity arising from the functional activity of

the whole body, and therefore bearing a fixed ratio to the body-
weight, and continuing until near the close of life ; and a quantity
arising from the amount of surplus nitrogenous or proteid material

which happened to be stored up in the body at the commencement of

the period, and which was rapidly got rid of. The latter they re-

garded as not entering distinctly into the composition of the tissues,

but as, so to speak, floating capital, upon which each or any of the
tissues could draw. They spoke of its direct metabolism as a luxus

consumption. Bischoff and Voit*, however, by means of more ex-

tended observations, concluded that though the urea of the first two
or three days much exceeds that of the subsequent days of a starva-

tion-period, no such fixed relation of urea to body-weight as that

suggested by Bidder and Schmidt obtains ; but that the quantity
which is passed is directly dependent on the amount of proteid

material present in the food during the days antecedent to the

commencement of the starvation period. This question of a luxus

consumption is one to which we shall frequently have to refer.

The Normal Diet. What is the proper diet for a given animal
under given circumstances, can only be determined when the laws of

nutrition are known. Meanwhile it is necessary to gain an approxi-

mate idea of what may be considered as the normal diet for a body

1 Die Verdauungssdfte, 1852.
2 Die Gesetze d. Erndhrung des Fleischfressers, 18C0.
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such as that of man under ordinaiy circumstances. This may be set-

tled either by taking a very large average, or by determining exactly

the conditions of a particular case. In the table below is given both

the average result obtained by Moleschott^ from a large number of

public diets, and the diet on which Ranke' found himself in good
health, neither losing nor gaining weight.
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water, contained in the proteids, fats, carbo-hydrates, salts, and water of

the food, together with the oxygen absorbed by the kings, skin, and
alimentary canal. The outcome will consist of (1) the respiratory

products of the lungs, skin, and alimentary canal, consisting chiefly

of carbonic acid and water, with small quantities of hydrogen and
carburetted hydrogen, these two latter coming exclusively from the

alimentary canal; (2) of perspiration, consisting chiefly of water
and salts, for we shall neglect the dubious excretion (see p. 313) of

urea by the skin, and the other organic constituents of sweat amount
to very little ; and (3) of the urine, which contains practically all the

nitrogen really excreted by the body, as well as a large quantity of

saline matters, and of water. Where complete accuracy is required

the total nitrogen of the urine ought to be determined ; it is found,

however, that no errors of serious importance arise when the urea

alone, as determined by Liebig's method, is taken as the measure
of the total quantity of nitrogen in the urine.

It has been and indeed still is debated wliether the body may not

suffer loss of nitrogen by other channels than by the urine. The balance

of evidence seems distinctly against such a view. While Boussingault,

Reiset and Barral found a deficiency in the urinary nitrogen as compared
with that in the income, Bidder and Schmidt, Bischoff and Yoit, Banke,
Henneberg and others came to a different conclusion, which is perhaps

most clearly shewn in the observations of Voit on a pigeon ^

Of these elements of the income and outcome, the nitrogen, the car-

bon, and the free oxygen of respiration are by far the most important.

Since water is of use to the body for merely mechanical purposes,

and not solely as food in the strict sense of the word, the hydrogen
element becomes a dubious one ; the sulphur of the proteids, and the

phosphorus of the fats, are insignificant in amount ; while the saline

matters stand on a wholly different footing from the other parts of

food, inasmuch as they are not sources of energy, and pass through
the body with comparatively little change. The body-weight must
of course be carefully ascertained at the beginning and at the end of

the period, correction being made where possible for the fseces.

It will be seen that the labour of such inquiries is considerable.

The urine, which must be carefully kept separate from the fseces, re-

quires daily measurement and analysis. Any loss by the skin, either

in the form of sweat, or, in the case of woolly animals, of hair, must
be estimated or accounted for. The food of the period must be
as far as possible uniform in character, in order that the analyses

of specimens may serve faithfully for calculations involving the

whole quantity of food taken ; and this is especially the case when
the diet is a meat one, since portions of meat differ so much from
each other. But the greatest difficulty of all lies in the estimation of

the carbonic acid produced and the oxygen consumed. In the earlier

researches, such as those of Bischoff' and Voit, this element was

^ Ann. Cliem, Pharm. Suppl. ii. 1863.
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neglected and the variations occurring were simply guessed at,

through which very serious errors were introduced. No comparison
of income and outcome can be considered satisfactory unless the car-

bonic acid produced be directly measured by means of a respiration

chamber.

Pettenkofer and Yoit^ were the first to mate use on a large scale of this

means of inquiiy. Their apparatus consists essentially of a large air-tight

chamber, capable of holding a man comfortably. By means of a steam
engine a current of air, measured by a gasometer, is drawn through the

chamber. Measured portions of the outgoing air are from time to time
withdrawn and analysed; and from the data afforded by these analyses,

the amount of carbonic acid (and other gases) given off by the occupant of

the chamber during a given time is determined. The apparatus works
so well that Pettenkofer and Yoit were able almost exactly to recover the

elements produced by the burning of a stearin candle in the chamber;
the error did not amount to more than '3 per cent.

If the total amount of carbonic acid and water given out by the

lungs be known, as well as the amount of urine and f^ces, then the

quantity of oxygen can be easily calculated. For evidently the

difference between the terminal weight plus all the egesta and the

initial weight plus all the ingesta can be nothing else than the

weight of the oxygen absorbed during the period.

Let us imagine, then, an experiment of this kind to have been
completely carried out, that the animal's initial and terminal weights

have been accurately determined, the composition of the food satis-

factorily known to consist of so much proteid, fat, carbohydrates, salts,

and water, and to contain so much nitrogen and carbon, the weight of

the fasces and the nitrogen they contain ascertained, the nitrogen of

the urine determined, the carbonic acid given off by the whole body
carefully measured, and the amount of oxygen absorbed calculated

—what interpretation can be placed on the results ?

Let us suppose that the animal has gained iv in weight during the

period. Of what does w consist ? Is it fat or proteid material which
has been laid on, or simply water which has been retained, or some
of one and of the other ? Let us further suppose that the nitrogen

of the urine passed during the period is less, say by x grammes, than
the nitrogen in the food taken, of course after deduction of the nitro-

gen in the fseces. This means that x grammes of nitrogen have been
retained in the body ; and we may with reason infer that they have
been retained in the form of proteid material. We may even go

farther and say that they are retained in the form of flesh, i.e. of

muscle. In this inference we are going somewhat beyond our tether,

for the nitrogen might be stored up as hepatic, or splenic, or any
other form of protoplasm. Indeed it might be for the while retained

in the form of some nitrogenous crystaUine body ; but this last event

is unlikely; and if we use the word 'flesh' to mean protoplasm of

^ Ann. Chem. Pharm. Suppl. ii. 18G3.
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any kind, contractile or metabolic, or of any other kind, we may with-

out fear of error reckon the deficiency of x grammes nitrogen as

indicating the storing up of a grammes flesh. There still remains

w— a grammes of increase to be accounted for. Let us suppose that

the total carbon of the egesta has been found to be y grammes less

than that of the ingesta ; in other words, that y grammes of carbon

have been stored up. Some carbon has been stored up in the flesh

with the nitrogen just considered; this we must deduct from y, and
we shall then have y' grammes of carbon to account for. JSTow there

are only two principal forms in which carbon can be stored up in the

body: as glycogen or as fat. The former is even in most favourable

cases inconsiderable, and we therefore cannot err greatly if we con-

sider the retention of y grammes carbon as indicating the laying on
of h grammes fat. li a + h are found equal to w, then the whole
change in the economy is known ; if w — (a + h) leaves a residue c,

we infer that in addition to the laying on of flesh and fat some water

has been retained in the system. If w — {a + h) gives a negative

quantity, then water must have been given off at the same time that

flesh and fat were laid on. In a similar way the nature of a loss of

v^^eight can be ascertained, whether of flesh, or fat, or of water, and to

what extent of each. The careful comparison, the debtor and creditor

account of income and outcome, enables us, with the cautions rendered

necessary by the assumptions just now mentioned, to infer the nature

and extent of the bodily changes. The results thus gained ought of

course to agree with the amount of oxygen consumed, and if an ac-

count is kept of the water, this also ought to tally with the conclu-

sions arrived at concerning the retention and the reverse of water.

Having thus studied the method and seen its weakness as well

as its strength, we may briefly review the results which have been
obtained by its means.

Nitrogenous Metabolism. When a diet of lean meat, as free as

possible from fat, is given to a dog, which has previously been de-

prived of food for some time, and whose body therefore is greatly

deficient in flesh, it might be expected that the great mass of food

would be at once stored up, and only a small quantity be imme-
diately worked off as an additional quantity of urea, occasioned by
the increased labour thrown on the economy by the very presence

of the food. This however is not the case ; the larger portion passes

off as urea at once, and only a comparatively small quantity is re-

tained. If the diet be continued, and we are supposing the meals

given to be ample ones, the proportion of the nitrogen which is given

off in the form of urea goes on increasing until at last a condition is

established in which the nitrogen of the egesta exactly equals that

of the ingesta. This condition, which is spoken of as nitrogenous

equilibrium, is attained in dogs with an exclusively meat diet only

when large quantities of food are given, and is not easily maintained
for any length of time. The exact quantity of meat required to
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attain nitrogenous equilibrium varies with the previous condition

of the dog; it is frequently seen when 1500 or 1800 grms. of meat
are given daily. Thus the most striking effect of a purely nitro-

genous diet is largely to increase the nitrogenous metabolism of the
body. This result can partly be explained by the fact that with
the meat diet the consumption of oxygen is largely increased ; in

other words, that the oxidizing activity of the body is directly aug-
mented b}'- a meat diet. This in turn may be due in part to the fact

that proteid food largely increases the number of the red corpuscles,

and so augments the amount of oxygen with which the tissues are

supplied ; but probably other agencies are at work.

When nitrogenous equilibrium is established, it does not mean
that a body-equilibrium is established, that the body-weight neither

increases nor diminishes. On the contrary, when the meal necessary

to balance the nitrogen is a large one, the body may gain in weight,

and the increase is proved, both by calculation from the income and
outcome, and by actual examination of the body, to be due to the

laying on of fat. The amount so stored up may be far greater than
can possibly be accounted for by any fat still adhering to the meat
given as food. We are therefore driven to the conclusion that the
proteid food is split into a urea moiety and a fatty moiety, that the

urea moiety is at once discharged, and that such of the fat as is not
made use of directly by the body is stored up as adipose tissue. And
this disruption of the proteid food at the same time explains why
the meat diet so largely and immediately increases the urea of the

egesta. We have already pointed out that possibly this disruptive

metabolism of proteids is largely carried on in the alimentary canal

itself by the aid of the pancreatic juice ; whether or to what extent

other organs share in the action we do not at present know.

Yoit and others with him speak in the most decided way of the proteids

of the body as existing in two forms : organ-tissue pi-oteid and circulating

or blood proteid. They regard the former as entering into the formation
of the tissues and undergoing functional metabolism, the latter as simply
tarrying in the blood and undergoing a direct oxidative metabolism. It

is of course the latter alone which suffers the luxus consumption. To
these two Voit has been led to add a third, or intermediate proteid, viz.

store or surplus proteid, which is more labile than tissue proteid and yet

more stable than the circulating proteid. We have again and again,

insisted in the course of this work that the oxidations of the body take

place not in the blood but in the tissues; and are consequently pre-

})ared to reject Voit's conclusions unless evidence of a strictly 2)ositive cha-

racter can be offered in their favour. No such evidence however is forth-

coming' ; the most that can be said in favour of them is that they afford an
easy explanation of the phenomena of proteid metabolism; on the other

hand, if we admit a large luxus consumption in the alimentaiy canal, the

remaining phenomena can be explained without throwing on the tissues

what may appear too heavy a metabolic task. And in speaking of the

1 Cf. Hoppe-Seyler, rfliiger's Archiv, vii. (1873) 399.
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metabolism of any tissue it must be remembered that the metabolic changes

need not necessarily involve the so-called structural elements. A fat-cell

may probably accumulate in and discharge from its protoplasm a consider-

able quantity of fat without the morphological relations of the cell under-

going any marked change; and we can readily imagine that a tissue may
suffer partial disintegration and re-integration without any interference with

its morphological framework. Our knowledge however of this matter is

very imperfect; we know that when a muscle contracts it loses some of its

substance, but we do not at all know which parts of the fibre bear the loss.

The characteristic metabolic effects of proteid food are shewn not

only by these calculations of what is supposed to take place in tlie

body, but also by direct analysis. Lawes and Gilbert^ laboriously

analysing the body of a pig, which had been fed on a known diet,

and comparing the analysis with that of another pig of the same
litter, killed at the time when the first was put on the fixed

diet, found that of the dry nitrogenous material of the food only

7'34 p. c. was laid up as dry proteid material during the fattening

period, though the amount of proteid food was low; in the sheep the

increase was only 4"14 p. c.

The Effects of Fatty and of Carbohydrate Food. Unlike those

of proteid food, the effects of fats and carbohydrates cannot be
studied alone. When an animal is fed simply on non-nitrogenous

food, death soon takes place; the food rapidly ceases to be digested,

and starvation ensues. We can therefore only study the dietetic

effects of these substances when taken in connection with proteid

material.

When a small quantity of fat is taken, in company with a fixed

moderate quantity of proteid material, the whole of the carbon of the

food reappears in the egesta. No fat is stored up, some even of

the previously existing fat of the body may be consumed. As
the fat of the meal is increased, a point is soon reached at which
carbon is retained in the body as fat. So also with starch or sugar.

When the quantity of this is small, there is no retention of carbon;

as soon however as it is increased beyond a certain limit, carbon is

stored up in the form of fat or, to a smaller extent, as glycogen. Fats

and carbohydrates therefore differ essentially from proteid food in

that they are not distinctly provocative of metabolism. This is ex-

ceedingly well shewn in the results of Lawes and Gilbert, for in the

pig previously mentioned 472 parts of fat were stored up for every

100 parts of fat in the food, and of the total dry non-nitrogenous

food 21*2 p. c. was retained in the body as fat. No clearer proof thau

this could be afforded that fat is formed in the body out of something

which is not fat,

Pettenkofer and Voit^ came to the conclusion that, marked as was the

difierence between proteid and non-nitrogenous food as regards the in-

1 Phil. Trans. 1859, Part 2. 2 Zt.J. Biol. ix.
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crease of metabolism, fat did nevertheless to a certain extent behave like

proteids; when an excess of fat was given the consumption of carbon in
the body was increased, so that only a portion (though a large portion) of

the excess of fat in the food was stored up.

As one might imagine, the presence of fat or carbohydrates in the
food was found to check proteid metabolism ; nitrogenous equilibrium
was established with a much less expenditure of proteid food. For in-

stance, with a diet of 800 grms. meat and 150 grms. fat, the nitrogen
in the egesta became equal to that in the ingesta in a dog, in whose
case 1800 grms. meat would have to be given to produce the same
result in the absence of fats or carbohydrates.

On the other hand, it was found, with a fixed quantity of fatty or

carbohydrate food, an increase of the accompanying proteid led not
to a storing up of the surplus carbon contained in the extra quantity
of proteid, but to an increase in the consumption of carbon. Proteid
food increases not only proteid but also non-nitrogenous metabolism.

'

This explains how an excess of proteid food may, by the increase of

metabolism, actually reduce the fat of the body, as is exemplified in

the dietetic system known as that of Mr Banting. This is intelli-

gible when we remember that proteid food largely increases the
oxidations of the body.

There can be no doubt then that both a proteid diet and a
carbohydrate diet may give rise to the formation of fat within the
body. And the question which we have already (p. 342) partly dis-

cussed comes again before us, In what way is this fat so formed? Is

the sugar, arising during digestion from the carbohydrate, converted

by a series of fermentative changes into fat? or is the sugar directly

consumed by the tissues in oxidative changes, by which means the
fatty derivatives of the metabolized proteids are sheltered from oxi-

dation and stored up as fat ? What light does the statistical method
throw on this vexed question ? Weiske and Wildt^ have attempted
to settle it. They took two young pigs of the same litter ; one they
killed and analysed as a standard of comparison. The other they fed

for six months on known food (chiefly potatoes) and then killed

and analysed it. Supposing that the fattened pig had to start with
the same composition as the other, they calculated that it had stored

up 5'5 kilos of fat. During the six months it had consumed 14"3

kilos of proteid material, of which it had stored up 1'3 kilos and
metabolized 13 kilos. On the supposition that the metabolism of

this 13 kilos consisted in its being split up into a urea and a fatty

moiety, about 6 kilos of fat would thus have been produced. In
other words, more than the fat actually stored up might have come
from the proteid of the food. This of course does not prove that this

was its actual source ; and on the other hand Lawes and Gilbert'"*

found that in the case of two pigs fed ad libitum on Indian corn and

1 Zt. f. Biol. X.

2 " Sources of Fat of Animal EoJy." Phil. Mag. Dec. 1866. See also Journ. Anat.
and Fhys. xi. (1877) p. 577.
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barley-meal respectively, as much as 40 per cent, of the fat produced
and stored up in the body could not have come from the metabolized

proteids of the food. In spite of the analogy of mammary metabolism

(see p. 346), we may conclude that some fat may come direct from
carbohydrate food.

Lawes and Gilbert urge very justly that Weiske and "VVildt, in the

experiment just qiioted, did not use a sufficiently fattening diet, and in

another expei-iment used too much nitrogen. They state that if a pig were

fed on a rich barley-meal diet so that it doubled its weight in about eight or

ten weeks, the amount of proteid metabolized, in spite of the diet being

licher in proteid material than are potatoes, would pi'obably be insuffi-

cient to account for the fat stored up. This question is from a dietetic

point of view one of extreme importance ; for if all stored fat does come
from proteid food, then all fattening food mvist contain a due proportion

of it.

We have at present no exact information concerning the nutritive

differences between fats and carbohydrates, beyond the fact that in

the final combustion of the two, while carbohydrates require sufficient

oxygen only to combine with their carbon, there being already sufii-

cient oxygen in the carbohydrate itself to form water with the hydro-

gen present, fats require in addition oxygen to burn off some of their

hydrogen. Hence in herbivora a larger portion of the oxygeu con-

sumed reappears in the carbonic acid of the egesta, than in carnivora,

where more of it leaves the body as formed water ; the proportions

of the oxygen in the carbonic acid expired to the oxygen consumed
being on an average 90 p. c. in the former and 60 p. c. in the latter.

When a herbivorous animal starves, it feeds on its own fat, and under
these circumstances the oxygen proportion in the expired carbouic

acid falls to the carnivorous standard. The carbohydrates are notably

more digestible than the fats, but on the other hand the fats contain

more potential energy in a given weight. As to the difference be-

tween starch and sugar, we know nothing very definite, and all carbo-

hydrates seem to be converted into grape-sugar before entering into

the blood. Lawes and Gilbert^ found that cane-sugar was rather

more fattening than starch.

The Effects of Gelatine Food, It is a matter of common experi-

ence that gelatine will not supply the place of proteids as a constitu-

ent of food. Animals fed on gelatine with fat or carbohydrates die

very much in the same way as when they are fed on non-nitrogenous

material alone. Nevertheless the researches of Voit^ shew, as might,

be expected, that the presence of gelatine in food is not without effect.

According to him nitrogenous equilibrium is established at a lower

level of proteid food when gelatine is added. Thus the nitrogen of

the ingesta and egesta became equal in a dog on a ration of 400 grms.

proteid and 200 grms. gelatiae. A dog moreover uses up less of the

1 Brit. Assoc. Reports, 1854. ^ zt. f. Biol. vni. 297,
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nitrogen of the body on a diet of gelatine and fat, than on a diet of

fat alone; and the consumption of fat also seems to be lessened by
the presence of gelatine. All these facts become intelligible if we
suppose that gelatine is rapidly split up into a urea and a fat moiety,

in the same way that we have seen a certain quantity of proteid

material to be. It is this direct metabolism of proteid matter which
gelatine can take up ; it seems however unable to imitate the other

function of proteid matter, and to take part in the formation of living

protoplasm. What is the cause of this difference, we cannot at

present say.

The Effects of Salts as Food. All food contains, besides the

potential substances which we have just studied, certain saline

matters organic and inorganic, having in themselves little or no
latent energy, but yet either absolutely necessary or highly beneficial

to the body. These must have important fuuctions in directing the

metabolism of the body : the striking distribution of them in the

tissues, the preponderance of sodium and chlorides in blood-serum

and of potassium and phosphates in the red corpuscles for instance,

must have some meaning ; but at present we are in the dark con-

cerning it. The element phosphorus seems no less important from a

biological point of view than carbon or nitrogen. It is as absolutely

essential for the growth of a lowly being like Penicillium as for man
himself. We find it probably playing an important part as the con-

spicuous constituent of lecithin, we find it peculiarly associated with

the proteids, apparently in the form of phosphates ; but we cannot

explain its role. The element sulphur, again, is only second to phos-

phorus, and we find it as a constituent of nearly all proteids ; but we
cannot tell what exactly would happen to the economy if all the

sulphur of the food were withdrawn. We know that the various

saline matters are essential to health, that when they are not

present in proper proportions, nutrition is affected, as is shewn by
certain forms of scurvy ; we are aware of the peculiar dependence of

proteid qualities on the presence of salts ; but beyond this we know
very little.

Sec. 4. The Energy of the Body.

Broadly speaking, the animal body is a machine for converting

potential into actual energy. The potential energy is supplied by
food ; this the metabolism of the body converts into the actual

energy of heat and mechanical labour. We have in the present sec-

tion to study what is known of the laws of this conversion, and of

the distribution of the energy set free.

The Income of Enerrjy,

Neglecting all subsidiary and unimportant sources of energy, we
may say that the income of animal energy consists in the oxidation
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of food into its waste products, viz. the oxidation of proteids into

urea and carbonic acid, of fats into carbonic acid and water, and of

carbohydrates into carbonic acid. Taking as our guide the principle

laid down by the chemist, that the potential energy of any body, con-
sidered in relation to any chemical change in it, is the same when the

final result is the same, whether that result be gained at one leap

or by a series of steps—that, for instance, the energy set free by the
oxidation of 1 grm. of fat into carbonic acid and water is the same,
whatever the changes forwards or backwards which the fat undergoes
before it finally reaches the stage of carbonic acid and water ; and
similarly, that the energy available for the body in 1 grm. of dry
proteid is the energy given out by the complete combustion of that

1 grm., less the energy given out by the complete combustion of that
quantity of urea to which the 1 grm. of proteid gives rise in the
body—we may easily calculate the total energy of any diet. Frank-
land^ has supplied the following data, given both in gramme-degree C
units of heat, and metre-kilogramme units of force.

The direct oxidation of the
following, diied at lOQo C.

1 grm. Beef-fat

1 grm. Butter
1 grm. Arrowroot
1 grm. Beef-muscle purified with ether

1 grm. TJrea

Supposing that all the nitrogen of proteid food goes out as urea,

1 grm. of dry proteid, such as dried beef-muscle, would give rise to

about |- grm. of urea ; hence

1 grm. Proteid

less

J grm. Urea
would give as

Available energy of Proteid 4368 1850

In a normal diet, such as Ranke's, p. 358, would be found

:

gram.-deg. met. -kilo.

100 grm. Proteid 436800 185000
100 grm. Fat 906900 384100
240 grm. Starch 938880 397680

Total Income 2281580 966780

or in round numbers, one million metre-kilogrammes.

1 Fliil. Mag. sxxii. p. 182.

gives
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The Expenditure.

There are only two ways in which, energy is set free from the

body—mechanical labour and heat. The body loses energy in pro-

ducing muscular work, as in locomotion, in all kinds of labour, in the
movements of the air in respiration and speech, and, though to a
liardly recognisable extent, in the movements of the air or contiguous

bodies by the pulsations of the vascular system. The body loses

energy in the form of heat by conduction, radiation, by respiration

and perspiration—in fact, by the warming of all the egesta. All the

internal work of the body, all the mechanical labour of the internal

muscular mechanisms with their accompanying friction, all the mole-
cular labour of the nervous and other tissues, is converted into heat

before it leaves the body. The most intense mental action, unac-

companied by any muscular manifestations, the most energetic

action of the heart or of the bowels, with the slight exceptions men-^

tioned above, the busiest activity of the secreting or metabolic tis-

sues, all these end simply in augmenting the expenditure of income
in the form of heat.

A normal daily expenditure in the way of mechanical labour

can be easily determined by observation. Whether the work take

on the form of walking, or of driving a machine, or of any kind

of muscular toil, a good day's work may be put down at about

150,000 metre-ki],ogrammes. The normal daily expenditure in

the way of heat cannot be so readily determined. Direct calori-

metric observations are attended with this difticulty, that the body
while within the calorimeter is placed in abnormal conditions, which
produce an abnormal metabolism. Hence results arrived at by this

method are of little value unless they be accompanied by a com-
parison of the egesta and ingesta, so that the rate and nature of the

metabolism going on may be known. Many attempts have been
made to calculate the amount in an indirect manner. As trust-

worthy as any is the' plan of simply subtracting the normal daily

mechanical expenditure from the normal daily income. Thus,

150,000 m.-k. subtracted from one million m.-k. gives 850,000 m.-k.

as the daily expenditure in the form of heat ; i. e. between one-fifth

and one-sixth of the total income is expended as mechanical labour,

the remaining four-fifths or five-sixths leaving the body in the form

of heat.

The Sources of Muscular Energy. Liebig, satisfied with having

proved that the animal body was constructive as far as the formation

of fat was concerned, held to the distinction between nitrogenous or

plastic and non-nitrogenous or respiratory food. Put broadly, his

view was that all the nitrogenous food went to build up the proteid

tissues, the muscular flesh, and other forms of protoplasm, and that

the nitrogenous egesta arose solely from the functional metabolism of

these tissues, while the non-nitrogenous food was used with equal
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exclusiveness fora-espiratory or calorific purposes, being eitlier di-

rectly oxidised in the blood, or if present in excess, stored up as

fatty tissue. According to him the two classes of income corresponded

exactly to the two forms of expenditure. We have already urged

several objections against this view. We have seen that in the blood

itself very little oxidation takes place, that it is the active tissue, and
not the passive blood-plasma, which is the seat of oxidation. We
have further seen that proteid food may undoubtedly be in Liebig's

sense respiratory, and incidentally give rise to the storing up of fat.

One division of Liebig's view is thereby overthrown. We have now
to inquire whether the other division holds good, whether muscle or

other protoplasm is fed exclusively on the proteid material of food,

and whether muscular energy comes exclusively from the metabolism
of the proteid constituents of muscle. We have already seen (p. 58)

that when the muscle itself is examined, we find no proof of

nitrogenous waste, but, on the other hand, clear evidence of the pro-

duction of non-nitrogenous bodies, such as carbonic and lactic acid.

We have now to ask the question, Does muscular exercise increase

the urea given off by the body as a whole ? For this, according to

Liebig's theory, it certainly ought to do. Conflicting evidence has

been offered on this point ; but by far the strongest and clearest is

that which gives a negative answer.

In addition to the careful observations of Lawes and Gilbert, Edward
Smith, Ranke, Yoit and others, the long-continued and admii-able inquiries

of Parkes ^ are especially deserving of attention. This observer determined

botii the total nitrogen of the urine and of the fseces, so that no possible

source of error could lie in this direction; and examined the effect of exercise,

slight and severe, on both a non-nitrogenous and on a mixed nitrogenous

diet. He found no marked increase in the urea, but often a diminution,

during the exercise, though subsequently a slight increase took place. This

after-increase possibly had nothmg to do with the muscles in particular, but

was the result of the exercise on the body at large.

The results of FHnt", gained by observations on a celebrated pedes-

trian, rather illustrate the effects of protracted exercise on general proteid

metabolism under a rich diet than contradict the more exact inquiries of

Parkes.

More than this, the experience of Tick and Wislicenus^ lands us

in an absurdity if we suppose the whole energy of muscular work to

arise from proteid metabolism. They performed a certain amount of

work (an ascent of the Faulhorn) on a non-nitrogenous diet, and
estimated the amount of urea passed during the period. Assuming
the urea to represent the oxidation of so much proteid matter, which
oxidation represented in turn so much energy set free, they found

that whereas the actual work done amounted to 129'096 and 148'656

metre-kilos, for each respectively, the total energy available from

1 Proc. Boy. Soc. xv. (1867) p. 339; xvi. p. 44 ; xis. p. 349; xs. p. 402.
" Journ. Anat. Pliys. Vol. xi. (1876) ; sii. (1877).
3 Phil. Mag. xxxi. (1866) p. 485.

F. P. 24}
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proteid metabolism during the period was in the case of the first

68'69, and of the second 68'376 metre-kilos. That is to say, the

energy set free by the proteid metabolism of the muscles engaged in

the work was at the most far less than that necessary to accomplish

the work actually done. Their muscular energy therefore must have

had other sources than proteid metabolism.

The total nitrogen excreted was estimated (A) for 12 hours previous to

the commencement of the labour, (B) for the period of the labour, and
(C) for six hours succeeding the labour; the latter in order that there

might be no possible retention within the body of the urea formed during

the labour period.

The total nitrogen excreted. Fick. Wislicenus.

A. In 1 2 hours before the labour 6-91 grm. 6 '68 grm.

B. In 3 hours labour 3-31 3*13

C. In 6 hoiu-s rest after labour 243 242
B. Corresponds in dry proteid sub-1

, on.no 90 -^Q
stance consumed into urea j

C. „ „ „ » 16-19 16-11

The total proteid consumed therefore during) 07.17 ^7-00
and after labour was J

The oxidation of these within the body to) ^^ ^^.^ ^.o „-^
T , 1 . .1-1 r oo-d90 do-o7d

urea, would, produce m metre-kuos
J

"Whereas the actual work done was, also in) loq.nqf' lifi-r^fi
metre-kilos J

The argument may be made still stronger by the following considera-

tions. A large internal amount of muscular energy, that of the vascular

and respiratory mechanisms, did not appear in the work done, being trans-

formed into heat before it left the body. On the supposition that this

muscular energy also arose from proteid metabolism, we must add to the

above estimate of work done, quantities calculated to have been in the case

of Fick 30,541, of "Wislicenus 35,631, metre-kilos, bringing up the totals

to 159,637, and 184,287, respectively. But even this is not all. Supposing

that the whole energy set free by a muscular contraction arises from

proteid metabolism, since some of this energy goes out directly as heat,

we must add to the above estimate of mechanical work, the work which

might have been done by the heat given out at the same time. Heidenhaiu

calculates that while ^ths of the total energy of the body takes on the

form of heat, the share of the energy set free in the contraction of any

individual muscle which must be reckoned as heat amounts to about half.

Hence the sums given above must be doubled; so that the real conti-ast is

between 319,274 and 368,574 metre-kilos of actual energy expended on

the one hand and C6,690 and 68,376 metre-kilos of energy available

through proteid metabolism on the other.

That on the contrary the production of carbonic acid is at once

and largely increased by muscular exercise is beyond all doubt. One
hour's hard labour will increase the quantity of carbonic acid given

off fivefold within the hour. And Pettenkofer and Voit found that a

man in 24 hours consumed 054 grms. oxygen and produced 1284 grras.
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carbonic acid wlijeii doing work, as against 708 grms. oxygen consumed,
and 911 grms. carbonic acid produced, when remaining at rest, the
quantity of urea secreted being in the first case 37 grms., in the
second o7'2 grms.

These observers found tliat the production of carbonic acid was very
distinctly diminished, and the consumption of oxygen increased, during the
night as compared with the day. Thus the 1284'2 grms. of carbonic acid

of the whole period of 24 hours was furnished by S84'6 grms. given out
between 6a.m. and 6 p.m., and 399-6 gTms. between 6 p.m. and 6 a.m.

Similarly, of the 954'5grms. oxygen 294*8 grms. were taken in between
6 A.M. and 6 p.m., and 659-7 grms. between 6 p.m. and 6 a.m. These figures

very strikingly indicate the independence of muscular contraction and
immediate oxidation. There is no satisfactory proof that the time of day
influences either the production of carbonic acid or the consiunption of
oxygen otherwise than by daylight being the natural time for work.

It is evident tliat the conclusions arrived at by the statistical

method entirely corroborate those gained by an examination of

muscle itself, viz. that during muscular contraction an explosive

decomposition takes place, the non-nitrogenous products of which
alone escape from the muscle and from the body, any nitrogenous

products which result being retained Avithin the muscle. We must
therefore reject the second as well as the first division of Liebig's

view, that the muscle is fed exclusively on proteid material, and that

its energy arises from proteid metabolism.

We must, however, guard ourselves against rushing into the extreme

opinion that a muscle is simply a machine for getting work out of the

oxidation of non-nitrogenous food. The hypothesis advanced at p. 81 con-

cerning the re-entrance of the nitrogenous products of metabolism into the

composition of the nascent contractile substance, is undoubtedly a very

rough and provisional idea. But if it means anything it means this, that

the decomposition which gives rise to the carbonic and lactic acid, is a

decomposition of the whole contractile substance and not of any non-

nitrogenous portion of it, and that before a fresh decomj)Osition can take

place the whole complex explosive contractile material has to be made
ane-w, and not simply a non-nitrogenous gap filled up. And this is

j)robably true, not of muscular tissue only, but of all forms of active

protoplasm however otherwise modified. It is, as we have seen, not

in the case of muscle alone that the oxygen disappears into the molecular

recesses of the tissue to reappear again in oxidized products whose oxi-

dation does not take place at the moment of their production. We have
more than once insisted that the oxidations of the body, in general at

least, are oxidations by the tissues, and are oxidations in which the oxygen
is first absorbed and made latent by the physiological actions of the

protoplasm. In the at present unknown molecular actions, by which the

raw material of the protoplasm is united with the absorbed oxygen in the

manufacture of the explosive material, nitrogenous compounds evidently

play a peculiar part. This is clearly shewn by the metabolic activity of

proteid matters illustrated in the previous section. Indeed the whole
Secret of life may almost be said to be wrapped up in the occult properties

24—2
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of certain niti'Ogen compounds; and Pfliiger^ lias drawn some very sugges-

tive comparisons between the so-called cliemical properties of the cyanogen

compounds, and the so-called vital properties of protoplasm. If we admit

that the energy of muscular contraction (and with that the enei-gy of all

other vital manifestations) arises from an explosive decomposition of a

complex substance, which we may call real protoplasm, and that this com-

plex protoplasm is capable of reconstniction within limits which, as we
urged at p. 343, may be very wide, we acquire a conception of physiological

pi'ocesses which, if not precise and definite, is at least simple and consistent,

and moreover a first step towards a future molecular physiology.

The Sources and Distribution of Heat. Wherever metabolism

of protoplasm is going on, heat is being generated. We have seen

that heat is given out during muscular contraction ; there is a similar

development of heat during the activity of the secreting and of the

other tissues ; and the production of heat continues, though to a less

extent, during the periods of rest as well as during those of action.

All over the body heat is being set free ; more abundantly in the

more active tissues, and most of all in those tissues the metabolism

of which leads to little or no external work. The metabolism of the

tissues (including the blood) and of the food within the alimentary

canal is the source of the heat of the body. But heat, while being

thus continually produced, is as continually being lost, as we have
seen, by the skin, the lungs, the urine and the feeces. The blood

passing from one part of the body to the other, and carrying warmth
from the tissues where heat is being actively generated, to the

tissues or organs where heat is being lost by conduction or evapora-

tion, tends to equalize the temperature of the various parts, and thus

maintains a " constant bodily temperature."

When the production of heat is not great as compared with the

means of loss, there is no great accumulation of heat within the body,

the temperature of which consequently is but slightly raised above
that of surrounding objects. Thus the temperature of the frog, for

instance, is rarely more than •04° to 'OS" C. above that of the atmo-
sphere, though in the breeding season the difference may amount to

1". Such animals, and they comprise all classes except birds and
mammals, are spoken of as cold-blooded. Exceptions among them
are not uncommon. Some fish, such as the tunny, are warmer than
the water in which they live, and in a species of Python (P. bivitta-

tus) a difference of as much as 12° C. has been observed. Hiiber
found that in a beehive the temperature rose at times as much as to

40" C.

In the so-called warm-blooded animals, birds and mammals, the

loss and production of heat are so balanced that the temperature of

the body remains constant at, in round numbers, 35 or 40° C, what-
ever be the temperature of the air. The temperature of man is about

.ST'C^C. ; in some birds it is as high as 44° C. (Hirundo), and in the

wolf it is said to be as low as 35 "24° C. This temperature is with slight

1 Pflilger's ArcUv, x. (1875) 251.
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variations maintained throughout life. After death the generation of

heat rapidly diminishes, and the body speedily becomes cold ; but for

some short time immediately following upon systemic death, a rise of

temperature may be observed, due ta the fact that, while the meta-
bolism of the tissues is still going on, the loss of heat is somewhat
checked by the cessation of the circulation. The onset of pronounced
rigor mortis causes a marked accession of heat, and when occurring

after certain diseases, may give rise to a very considerable elevation

of temperature. This mean bodily temperature of warm-blooded
animals is, during health, maintained, with slight variations of which
we shall presently speak, within so narrow a margin as 2° C, a fall or

rise of more than 1" C. beyond these limits being indicative of some
failure in the organism, or of some unusual influence being at work.
It is evident, therefore, that the mechanisms which co-ordinate the
loss with the production of heat must be exceedingly sensitive. It is

obvious, moreover, that these mechanisms may act when the bodily

temperature is tending to rise, by either checking the production or

by augmenting the loss of heat ; and when the bodily temperature is

tending to fall, by either increasing the production or by diminishing
the loss of heat. As the regulation of temperature by variations in

the loss of heat is far better known than regulation by variations in

production, it will be best to consider this first.

Regulation by variations in loss. Taking the body as a
whole, under normal conditions, the chief sources of the produc-
tion of heat are the muscles and the abdominal viscera, more
especially the liver; and of these the liver deserves attention,

inasmuch as it is always at work, whereas the heat produced by
the muscles is at least largely dependent on their contracting, and
they may remain at rest for considerable periods. We find in-

deed that the blood in the hepatic veins is the warmest in the

body. Heidenhain^ observed in the dog a temperature of 40"73° C.

in the hepatic vein, while that of the vena cava inferior was SS'SS" to

39"58, and that of the right heart 37"7. Bernard previously had
found the blood of the hepatic vein warmer than that of either the

portal vein or the aorta, shewing that the increased temperature is

not due simply to the liver being far removed from the surface of the

body. The brain too may be regarded as a source of heat, since its

temperature is higher than that of the arterial blood with which it is

supplied ; though from the smaller quantity of blood passing through
its vessels it cannot in this respect compare with either the liver or

the muscles as a source of heat to the body.

Heat is lost to the body by the warming of the faeces and of the

urine, by the warming of the expired air, by the evaporation of the

w^ater of respiration, by conduction and radiation through the skin,

and by the evaporation of the water of perspiration. Helmholtz

1 Pfliiger's Archiv, in. (1870) p. 504.
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has calculated that the relative amounts of the loss by these several

channels are as follows :

In warming the faeces and urine 2'6 per cent.

In warming the expired air 5'2 per cent.

In evaporating the water of respiration 14*7 per cent.

In conduction and radiation and evaporation by the skin 77'5 per

cent.

The two chief means of loss then, which are at all susceptible of

any great amount of variation, and which can be used to regulate the

temperature of the body, are the skin and the lungs.

The more air passes in and out of the lungs in a given time, the

greater will be the loss in warming the expired air, and in evapo-

rating the water of respiration. And in such animals as the dog,

which do not perspire freely by the skin, respiration is a most im-

portant means of regulating the temperature \

While BernarcP, G. Liebig®, Heidenbain and older observers, found the

blood of the right heart warmer (from •! to -3°) than that of the left,

Colin* and Jacobson and Bernhardt^ state that the left heart is warmer or

at least as warm as the right. From the latter observations it might be

inferred that the loss of heat by respiration is neutralized by chemical

changes going on in the lungs. Heidenhain and Korner®, however, make
the important observation that the higher temperature of the right ventricle

is independent of the respiration, and they attribute the difference between

the two ventricles solely to the fact that the right ventricle lies nearer to

the abdominal viscera, the high temperature of which has already been

mentioned. And they argue that the loss of heat from the body to the air

has been already achieved before the inspired air reaches the pulmonary
alveoli, the evaportion of water taking place chiefly in the nasal and

bronchial passages.

The great regulator however is undoubtedly the skin. The more
blood passes through the skin the greater will be the loss of heat by
conduction, radiation, and evaporation. Hence, any action of the

vaso-motor mechanism which, by causing dilation of the cutaneous

vascular areas, leads to a larger flow of blood through the skin, will

tend to cool the body ; and conversely, any vaso-motor action which
by constricting the cutaneous vascular areas, or by dilating the

splanchnic vascular areas, causes a smaller flow through the skin,

and a larger flow of blood through the abdominal viscera, will tend

to heat the body. If, as seems probable (see p. 315), there are special

nerves of perspiration, these will act directly as regulators of tempe-
rature, increasing the loss of heat when they promote, and lessening

the loss when they cease to promote, the secretion of the skin. The
working of this heat-regulating mechanism is well seen in the case

1 See Eiegel, Pfliiger's Archiv, v. (1872) G51. ^ j^g^^ ^g Phys. Exp. 1855.
3 Ueher die Temperaturunterschiede dcs venosen und arteriellen Bliites. Giessen, 1853.
4 Compt. Ilend. lxii. (1865) p. 680.
5 Cbt.f. Med. Wiss. 1868, p. 6i3. 6 Pfliiger's Arclnv, iv. (1871) 558.
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of exercise. Since every muscular contraction gives rise to heat,

exercise must increase for the time being the production of heat

;

yet the bodily temperature rarely rises so much as a degree C, if

at all. By the exercise the respiration is quickened, and the loss

of heat by the lungs increased. The circulation of blood is also

quickened, and the cutaneous vascular areas becoming dilated, a
lai^ger amount of blood passes through the skin. Added to this,

the skin perspires freely. Thus a large amount of heat is lost to

the body, sufficient to neutralise the increase caused by the mus-
cular contraction, the increase which the more rapid flow of blood
through the abdominal organs might tend to bring about being
more than sufficiently counteracted by their smaller supply for the
time. The sense of warmth which is felt during exercise in con-
sequence of the flushing of the skin, is in itself a token that a
regulative cooling is being carried on. In a similar way the ap-
plication of external cold or heat, either partially or completely,
defeats its own ends. Under the influence of external cold the
cutaneous vessels are constricted, and the splanchnic vascular areas

dilated, so that the blood is withdrawn from the colder and cooling
regions to the hotter and heat-producing organs. This vascular
change may produce such an effect, that the result of stripping

naked in a cold atmosphere may be an actual increase in the mean
temperature of the blood, as indicated by a thermometer placed in
the mouth. Under the influence of external warmth, on the
other hand, the cutaneous vessels are dilated, a rapid discharge

of heat, especially by evaporation, takes place; and if the circum-
stances be such that the body can perspire freely, and the per-

spiration be readily evaporated, the temperature of the body may
remain very near to the normal, even in an excessively hot atmo-
sphere. Thus, more than a century ago, Drs Fordyce and Blagden^
were able to remain with impunity in a chamber heated even to
127° (260° Fahr.), and with ease in one so hot, that it became painful

for them to touch the metal buttons of their clothing. It is unne-
cessary to give any more examples of this regulation of temperature
by variations in the loss of heat ; they all readily explain themselves.

Regulation by variations in production. Much less satisfac-

tory is our information concerning the regulation of the production
of heat. We can easily conceive that afferent impulses passing
along certain nerves might increase the metabolism of the muscles,

the liver, and other organs, and so lead to a greater development
of heat, and conversely, that the failure of wonted impulses or the

passage of inhibitory impulses might diminish metabolism and lower
the production of heat ; and that these impulses might be connected
in a reflex manner with the skin or other regions. We can imagine,

in fact, the existence of a metabolic nervous mechanism quite com-
parable to the vaso-motor mechanism and to the various secreting

1 Fhil. Trans. 1775, pp. Ill, 484.
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nervous mechanisms. And indeed we have some positive evidence

of the existence of such a mechanism ; but at present our know-
ledge concerning the matter is far from being complete.

The high, temperature of certain diseases (pyrexia, &c.) and the low
temperatui'e of others (diabetes) have not yet been thoroughly investigated

;

but there is already sufficient evidence to shew that, in some cases at least,

the phenomena are the result of excess or deficiency of production, and not

of mere deficiency or excess of escape.

The effects of external cold and warmth have been appealed to as

indicative of variations in the production of heat. Thus npon stripping in

a cold atmosphere or upon first entering into a cold bath, the temperature

of the mouth or rectum rises instead of falling. Again on entering into a

bath at blooddieat, the temperature of the mouth or rectum does not, as

might be expected from the diminution of the loss of heat, rise, but may
even at first fall slightly. These results may, it is true, be approximately

explained on the ground that in the first case the constriction of tlie-

cutaneous vessels shuts off" a large quantity of blood from the cooling

surfaces, and thiis prevents a loss of heat, while in the second case a larger

quantity of blood is by the dilation of the cutaneous vessels withdrawn
from the warmer to what are at first the cooler regions of the body. We
have, however, experimental evidence that in mammals external cold in-

creases while external warmth diminishes, the total metabolism of the

body ; from which it may fairly be inferred that these agents affect not

only the distribution but the actual production of bodily heat. Thus
Sanders-Ezn' found that in rabbits the production of carbonic acid was
increased by sudden exposure of the bodily surface to cold and diminished

by sudden exposure to warmth. Eohrig and Zuntz^ found in rabbits

an increase in both the carbonic acid produced and in the oxygen con-

sumed to result from cold baths, and also though to a less extent from saline

baths. Colasanti^ has further shewn that in ginuea-pigs cold increases,

in a very remarkable and regular manner, both the production of carbonic

acid and the consumption of oxygen. And since the ratio of the oxygen
consumed to the oxygen contained in the carbonic acid expired remained
constant during the experiments, we are justified in concluding that the

increase in both was due to an increase of metabolism. A strong contrast

to the behaviour of the warm-blooded guinea-pig, in which a fall of 30° C. in

the surrounding medium actually doubled the amount of the metabolism,

is afforded by the cold-blooded fi'Og, in which, according to PflUger and
Schulz'*, repeating the earlier experiments of Marchand and Moleschott,

cold depresses and heat exalts the metabolic activity of the tissues. Evi-

dently the production of heat is, in the warm-blooded animal, governed by
a regulative mechanism which is eitlier absent or very feebly developed in

the cold-blooded animal.

With regard to the exact nature of this mechanism, the following facts

deserve attention. Zuntz and Ecihrig* found that in urari poisoning

there was a marked diminution of the bodily metabolism as indicated by

^ Lndwig's Arheiten, 18G7. ^ Pfluger's Archiv, iv. (1871) p. 57.
'^ Pfluger's Archiv, xiv. (1877) p. 92. Sco also the subsequent controversy carried

on in that and the following volume.
* Pfluger's Archiv, xiv. (1877) 73.

Op. cit. and Zuutz, Pfliiger's Archiv, xii. (187G) p. 522.
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the quantities of oxygen consumed and carbonic acid produced ; these

indeed might fall to half the normal. At the same time the bodily tem-

perature fell considerably ; and that this fall was the efi'ect and not the

cause of the diminution of the metabolism was shewn by the fact that the

metabolism continued to diminish, when loss of heat from the body was
prevented by wrappings of cotton wool. While under urari too, the me-

tabolic activity was far less influenced by cold and other V)aths. These

experiments suggest that when cold is applied to the skin, afferent impulses

ai'e generated which, reaching some central nervous mechanism, give rise

to efferent impulses, which in turn passing to the muscles, increase the

metabolic activity of these oi^gans, and thus give rise to an increased pro-

duction of heat. "When the muscular nerves are paralysed by urari, the

efferent impulses can no longer reach the muscles, and hence no increase

of metabolism takes place in them. Pointing in the same direction, are

the experiments of SamueP, who found that while rabbits in a normal con-

dition will bear exposure to even severe cold without any great change in

their bodily temperatm-e, this sinks rapidly, and death ensues, when the

chief muscular parts of the body are eliminated from the total action of

the organism by ligature of all four arteries of the limbs or by section

of their main nerve-trunks ; the wounds necessary for the operation pro-

ducing of themselves only a slight effect.

Although in the above expei-iments the diminution of metabolism

and of the production of heat was coincident with the absence of muscular

contractions, it is not absolutely necessary to suppose that the occur-

rence of contractions is essential to an increase in the production of heat.

There is no a priori reason positively contradicting the hypothesis that

the metabolism of even muscular tissue might be influenced by nervous

or by other agency in such a way that a large decomposition of the muscu-

lar substance, productive of much heat, might take place without any con-

traction being necessarily caused. If we were to permit ourselves to sup-

pose that the contractile material whose metabolism when resulting in a

contraction gives rise to so much heat, could undergo the same amount
of metabolism, in so far a different fashion, that all the energy thereby set

free took on the form of heat, variations in the temperature of the body, at

present difiicult to understand, would become readily intelligible.

We have further indications of the existence of what may be called

' thermogenic ' nerves and thermogenic nervous mechanisms in the variations

of temperature attendant on section of, or injury to, or disease of, the spinal

cord and other parts of the nervous system. Brodie^ was one of the first to

call attention to a rise of temperature after injury to the spinal cord ; in a

previous memoir^ he had contended, on insufficient grounds it is true, for a

direct generation of heat by means of the nervous system. Since that time

many cases have been observed on the one hand of a lowering and on the

other hand of a rise of temperature as the result of injury to, or disease

of, the spinal cord, or other parts of the central nervous system. The ex-

perimental evidence is not at present satisfactory. Tscheschichin '' observed

in rabbits a fall of temperature after section of the spinal cord, but a

marked rise of temperature after a section carried through the junctui*e of

1 Veber die Enstehung der Eigenwdrme dc. Leipzig, 1876.
2 Med. Cliir. Trans. Vol. xx. (1837) p. 119. 3 p}ai. Trans. 1811, 1812.

^ Du Bois-Eeymond's Archiv, 1866, p. 151.
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the medulla oblongata and pons Yarolii. Naunyn and Quincke \ on the

contrary, found that, in dogs, section of the spinal cord was followed at first

by a fall, but subsequently by a rise of temperature, the latter being the

more marked the higher up the division of the cord, and reaching to as

much as 3° or 4°. They explained the initial fall as due to an increased

escape of heat, due to the vaso-motor pai-alysis, which the section caused,

allowing a large portion of the blood to pass through the cutaneous vessels;

and they remarked that the fall was less the more rapidly after the

operation the animal was surrounded by cotton wool or like bad conductors

of heat. The subsequent rise of temperature they attributed to an actual

increased pi'odu.ction which in time overcame the increased escape due to

vaso-motor paralysis. They thought that they had satisfied themselves

that the rise was not due to fever occasioned by the mere wound, as

Schroff^ has since concluded. Parinaud^ finds that in rabbits section of

the spinal cord invariably produces a continued fall of temperature,

especially of the deeper parts of the body, more marked in the paralysed

than in the non-paralysed parts. Tscheschichin attributed the rise which'

he observed after the section of the medulla to the removal of some

inhibitory action exerted by the higher parts of the brain on thermo-

genic centres lower down. Purther researches are needed before any

satisfactory conclusion can be arrived at. Many of the phenomena observed

may undoubtedly be explained by vaso-motor action, by the derivation of a

lai-ge quantity of blood from a pai't of the body where pi^oduction is greater

than loss to a part where escape by conduction or evaporation overcomes

prodiTction, or vice versa. But even the vaso-motor problems are them-

selves involved, and the elaborate researches of Heidenhain*shewhow great

a caution is necessary in drawing conclusions from experiments dealing

with so complicated a machinery as the vascular system. This so careful

observer found that the stimulation of the sensory nerve of an animal

(sciatic of dog) under urari produced, coincident with the increase of arterial

pressure, a diminution (as much as 1° C.) of the temperature in the interior

of the body, but that this fall did not occur when the animal was in a

febrile condition. This at first sight looked like the indication of a

thermotoxic mechanism, rendered inactive by the condition of fever. When
however the animal under urari, but otherwise normal, was placed in a

cold bath the fall of temperature resulting from stimulation of the sciatic

was greater than under the ordinary circumstances, and when it was

placed in a hot bath the stimulation of the sciatic caused a rise instead

of a fall of the internal temperature. Moreover, when a fevered dog

was cooled by being placed in a cold bath, a fall of temperature

similar to the normal was seen ,to follow stimulation of the sciatic.

Evidently the rise or fall in the several cases was to be referred to the

condition of the cutaneous vessels, warm in the one case and cold in the

other, rather than to any direct thermogenic activity of the nervoixs system.

But it is difiicult to account, by any working of a mere vaso-motor

mechanism, for the marked rise of temperature often seen in even slight

cases of spinal disease, especially when the rise is so great as, even allowing

1 Du Bois-Reymoncl's Archiv, 1869, p. 174, 521.
2 Wie7i. Sitzunpsbericlite, lxxiii. (1876).
3 Archives de Physioloqie (ii) iv. (1877), pp. 63, 310.
4 rHiiger's ArcUv, 1870, iii, 504 ; Ibid. v. (1872) 77.
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for all possible errors, it must have been in some of tlie cases recorded'.

It seems liardly possible in such instances as these not to entertain the

idea of some direct action of the nervous system on heat-producing meta-

bolism.

Bernard" feels justified in speaking most distinctly of 'thermogenic'

or 'calorific' and of 'frigorific' nerves, in complete analogy with vaso-dila-

tor and vaso-constrictor nei'ves. He states^ that after division of one

cervical sympathetic the temperature of the ear of the side operated on

remains considerably higher than that of the other side, at a time when
the increased vascularity has nearly disappeared, thus indicating that the

former is not wholly dependent on the latter; and Knock* confirms this,

Bernard* also observed, after division of the cervical sympathetic on one

side, that a stimulation of the central end of the divided auricular nerve

sufficiently intense to give rise to pain, occasioned on the side in which the

sympathetic was intact, a fall (of as much as 2° C.) of temperature in the

ear, itnaccompanied hy any 'pallor, while on the side on which the sympa-

thetic had been divided, a rise of temperature was at the same time

observed. That is to say, the sensation of pain gave rise, by reflex action

through the intact cervical sympathetic, to a refrigeration of the ear, with-

out any vascular change in the ear and in spite of an increased tempera-

ture of other jDarts of the body. In the submaxillary gland he found that

while stimulation of the chorda tympani produced a rise, stimulation of the

sympathetic produced a fall of temperature, which manifested themselves,

though to a less degree than in normal circumstances, even when all the

vessels were cut or when the veins where ligatured. Ludwig and Spiess"

had previously shewn that during stimulation of the chorda the temperature

of the saliva excreted might be 1 or 1 -5 degree higher than that of the

blood in the carotid artery. If it could be shewn that under stimulation

of the sympathetic a corresponding but negative difference manifested

itself, Bernard's view that the sympathetic is par excellence a frigorific

nerve, while the cerebrospinal nerves contain all the calorifacient fibres,

would receive a striking confirmation. Heidenhain's^ observations, how-

ever, as far as they go, point to a slight rise rather than a fall of tempera-

ture as the result of sympathetic stimulation.

By regulative meclianisms of this kind the temperature of the

warm-blooded animal is maintained within very narrow limits. In

ordinary health the temperature of man varies between 36° and 38",

the narrower limits being 36'25° and 37'5°, when the thermometer

is placed in the axilla. In the mouth the reading of the thermometer

is somewhat ('25° to 1"5°) higher; in the rectum it is still higher

(about '9" C.) than in the mouth. The temperature of infants and
children is slightly higher and much more susceptible of variation

than that of adults, and after 40 years of age the average maximum
temperature (of health) is somewhat lower than before that epoch.

1 Lancet, March 6, 1875. 2 Chaleur Animale {1816), passim.
3 Op. cit. p. 2S3.
4 Quoted by Bernard loc. cit. The observations of Goltz, see p. 166, on the foot of

the dog would seem to shew that this at least does not bold good for the sciatic nerve.
5 Op. cit. p. 295. 6 jYien. Sitzungsberichte, xxv. 1857.
'' Breslau. Studien, it. 1868.
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A diurnal variation, independent of food or other circumstances, has

been observed \ the maximum ranging from 9 A.M to 6 p.m. and the

minimum from 11 P.M. to 3 A.M. Meals cause sometimes a slight

elevation, sometimes a slight depression, the direction of the influ-

ence depending on the nature of the food: alcohol seems always to

produce a fall. Exercise and variations of external temperature,

within ordinary limits, cause very slight change, on account of the

compensating influences which have been discussed above. The rise

from even active exercise does not amount to 1" C; when labour is

carried to exhaustion a depression of temperature may be observed.

In travelling from very cold to very hot regions a variation of less

than a degree occurs, and the temperature of tropical inhabitants is

practically the same as those dwelling in arctic regions,

Y/hen external cold or warmth passes certain limits, or when
during the application of these agents the regulative mechanisms are

interfered with, the temperature of the body may be lowered or

raised until death ensues. When the cold or warmth applied is not

very great, as in cold and warm baths, it has been noticed that the

temperature is more easily raised by warmth than depressed by cold.

Death ensues from extreme cold by a depression of the activities

of all the tissues, more especially of the nervous ; asphyxia is pro-

duced in animals when the fall of temperature is rapid. Puppies

can be recovered after the temperature in the rectum has fallen to

about 4° or 5" C, and hybernating mammals may be cooled with

impunity down to nearly freezing point. Horvath^ observed when
external warmth is brought to bear on a mammal in such a way as

to cause a rise of temperature in the body, death ensues when an

elevation of about 6" or T C. above the normal is reached ; and

Bernard^ places the lethal bodily temperature of a mammal at about

46°. The exact cause of the death has not been as yet sufiiciently

explained. It cannot be due, as Bernard suggests, to the muscles

entering into rigor caloris, for the animals frequently succumb before

this takes place. A high temperature makes the heart irregular, and

finally stops its beat, but probably other tissues are also injuriously

affected, so that death cannot be attributed to the stoppage of the

heart alone.

One of the most marked phenomena of starvation is the fall of

temperature, which becomes very rapid during the last days of life.

Indeed the low temperature of the body is a powerful factor in

bringing about death, for life may be much prolonged by wrapping

a starving animal in some bad conductor so as to economise the

• bodily heat^

1 Einger, Proc. Roy. Soc. xvii. p. 287.
" Cbl.f. Med. Wiss. 1871, p. 513.
•* Ler. sur la Chaleur Animale, 1870.
^ Chossat, Rech. Exp. sur V Inanition, Paris, 1843.
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Sec. 5. The Influence of the Nervous System on Nutrition.

In the preceding sections we had more than once to refer to the
possibility of the nervous system having the power of directly affecting

the metabolic actions of the body, apart from any irritable, contractile,

or secretory manifestations. Thus the phenomena of diabetes cannot,

at present at all events, be satisfactorily explained as a purely vaso-
motor effect, and the production of heat seems to be under some
special guidance of the nervous system. In treating of the salivary

glands we met with the striking fact that when all the nerves of the
gland have been divided, and a 'paralytic' secretion set up, the
tissue of the gland may ultimately degenerate. This result differs

from the wasting of a muscle which follows upon severance of its

motor nerve, since this may be, partly at all events, explained by the
fact that the muscle is no longer functional; and indeed, if the muscle
is rendered functional, if it is directly stimulated for instance from
time to time with a galvanic current, the atrophy may be postponed
or even altogether prevented. But the salivary gland in the case in

question is functional, it does go on secreting ; nevertheless in the
absence of its usual nervous guidance its nutrition becomes pro-
foundly affected. We are not justified in saying that in this case

the nutrition of the salivary cell is directly dependent on the nervous
system, because all biological studies teach us that the growth, re-

pair, and reproduction of protoplasm may go on quite independently
of any nervous system, and the nutrition of the nervous system
itself cannot be dependent on its action on itself ; but we may go
so far as to infer that the nutrition of the salivary cell is in the
complex animal body so arranged to meet the constantly recurring

influences brought to bear on it by the nervous system, that, when
those influences are permanently withdrawn, it is thrown out of

equilibrium ; its molecular processes, so to speak, run loose, since

the bit has been removed from their mouths. And we might expect
that similar instances would be met with where nutrition became
abnormal after the removal of wonted nervous influences. Such
instances indeed are not uncommon ; the most familiar being perhaps
the rapid occurrence of bed-sores, in consequence of injuries to or of

disease of the spinal cord or brain. And there are many pathological

phenomena,inflammation itself to begin with, which seem inexplicable,

except when regarded as the results of nervous action. In all these

cases, however, there are many attendant circumstances to be consi-

dered before we can feel justified in speaking of any direct influence

of the nervous system on nutrition, of any specific action of what have
been called 'trophic' nerves. Perhaps the instance which has been
best worked out is the connection of the nutrition of the eye and face

with the fifth or trigeminal nerve. When in a rabbit the trige-

minus is divided in the skull there is loss of sensation in those parts

of the face of which it is the sensory nerve. Very soon, within twenty-
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four hours, the cornea becomes cloudy ; and this is the precursor of

an inflammation which may involve the whole eye and end in its

total disorganisation. At the same time the nasal chambers of the

same side are inflamed, and very frequently ulcers' make their ap-

pearance on the lips and gums. Seeing how delicate a structure the

eye is, and how carefully it is protected by the mechanisms of the

eyelids and tears, it seems reasonable to suppose that the inflamma-

tion in question might simply be the result of the irritation caused

by dust and contact with foreign bodies, to which the eye, no longer

guided and protected by sensations, these being destroyed by the

section of the nerve, became subject. In the same way the ulcers

on the lips and gums might be explained as injuries inflicted by the

teeth on those structures in their insensitive condition. And Snellen

found that the inflammation of the eye might be greatly lessened or

altogether prevented if the organ were carefully covered up and in

all possible ways protected from the irritating influences of foreign

bodies. Other observers however have failed to prevent the inflam-

mation in spite of every care. This negative result is in itself no

strong argument, but there are other facts which seem to shew that

the tissues in question are, after section of the nerves, in a peculiar

condition.

Sinitzen found that after removal of tlie superior cervical syrnpathetic

ganglion, the inflammatory effects of section of the trigeminus were very

much lessened. Sinitzen's explanation, that the tissues of the face become
less irritable after removal of the ganglion, seems, however, hardly

satisfactory. According to MerkeP the inflammatory phenomena depend

on a particular portion of the nerve being divided. He states that if a

certain tract along the inner border of the nerve be alone cut, there is no
loss of sensation either in the cornea or other parts of the face, but yet

inflammation comes on as usual; if, on the other hand, the whole nerve be

carefully divided with the exception of this tract, no inflammation ensues

though sensation is lost. Merkel traces the fibres forming the inner border

to a deep origin, different from that of the rest of the nerve. If these

results be corrohorated, the trigeminus must be held to contain 'trophic'

fibres.

The significance of these inflammation phenomena must there-

fore be left at present undecided. Few similar cases have been
observed, the most striking being the occurrence of pneumonia after

section of the vagi
;
yet there seems to be no reason why the fifth

nerve should be conspicuous in possessing trophic fibres. When the

sciatic nerve of the frog is divided, no nutritive alterations beyond
those explicable as the result of loss of function are observed ; and
indeed the majority of the effects on growth and nutrition resulting

from the section of nerves, or from paralysis, can be referred to the

absence of the usual functional activity, accompanied in some cases

with an altered vascular supply. Nevertheless the numerous pheno-

1 Untersuch. A7iat. Inst. Eostock, p. 1.
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mena of disease, joined to the facts mentioned above, turn the balance

of evidence in favour of tlie view tliat some more or less direct influ-

ence of the nervous system on metabolic actions, and so on nutrition,

will be established by future inquiries.

The influence wliich light acting on the retina appears to exercise on
the metabohsm of the body may be quoted as an illustration of the state-

ment just made\

Sec. 6. Dietetics.

We may sum up the main results of the previous sections some-
what in the following way. Although the body consists, like the

food, of proteids, fats and carbohydrates, yet the conversion of the one

into the other is not direct. Assimilation does not proceed in such a
way that the proteids of the food all become the proteids of the body,

the fats of the food the fats of the body, and the starch and sugar of

the food the glycogen, dextrin, and sugar of the body. We cannot

even say that the non-nitrogenous food supplies alone the non-nitro-

genous parts of the body, while the nitrogenous food remains as the

sole source of the nitrogenous tissues. We have seen that under all

circumstances a certain quantity of proteid food is immediately meta-
bolized, probably while still within the alimentary canal, and that

when an excess of proteid food is taken a luxus consumption leads to

the accumulation of bodily fat. On the other hand, we find that

a large proportion of the carbonic acid of the egesta comes from the

metabolism of nitrogenous tissues, such as muscle ; and we have had
proof that the energy set free by muscular contraction may be far

greater than could be supplied by the proteid food taken, and that

therefore the non-nitrogenous factors of the metabolism which set

free the energy must have ultiinately come from non-nitrogenous

food. We have abundant evidence that the various food-stuffs be-

come more or less metabolized, and their elements more or less

rearranged and mixed before they reappear as constituents of the

bodily tissues.

We have seen that the oxidations of the body are, as in the case

of muscle, of a peculiar character, and carried on by the tissues them-
selves. While at present we should be hardly justified in denying
that any oxidations at all take place in the blood-plasma, such as do
occur must be slight in amount as compared with those going on in

the tissues. We might also say that one body only, viz. lactic

acid, presents itself as a substance likely to be directly oxidised in

the blood itself; and even with regard to this the evidence is as

much against as for any such direct oxidation taking place. The
great mass of the oxidation of the body is of an indirect kind, deter-

mined by the activity of the several tissues. The blood serves as an

1 Cf. Pfliiger and You Platen, Pfliiger's Archiv, si. 263, 272. Fubiui, Molescliott's

Untersuch. si. 488.
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oxygen carrier for the tissues; and it is not itself the large combus-
tion agent it was once thought to be. The tendency of all recent

inquiries is to shew that the body cannot be comjDared, either as a

whole, or in its parts, to a furnace for the direct combustion of com-
bustible food. On the contrary, we are driven nearer and nearer to

the conclusion that all food which has become absorbed into the

blood must become tissue before it becomes waste product, and only

becomes waste product through a metabolism of the tissue. When
we say "become tissue" we must leave it at present wholly undecided

how far the constant metabolism which this view demands affects

the so-called structural elements of the more highly organized tissues;

it is quite open however for us to imagine that the ground-substance

of muscle, for instance, might undergo large and rapid metabolism,

while the change of the sarcous elements or muscle-rods might be

much slighter and slower.

The characteristic feature of proteid food is that it increases the

oxidative, metabolic activity of the tissues, leading to a rapid con-

sumption, not only of itself, but of non-nitrogenous food as well.

Where therefore a rapid renewal of the tissues is sought for, an excess

of proteid food may be desirable. But it must be borne in mind
that by the very nature of its rapid metabolism, proteid food must
tend to load the body with the so-called extractives, i.e. with nitro-

genous crystalline bodies. How far these are of use to the body, and

what part they play, is at present unknown to us. That they are of

some use is suggested by the beneficial effects of the extractum carms
when taken as food in conjunction with non-nitrogenous material,

thouo-h it is possible that the dietetic value of this preparation may
be due to the small amount of non-crystalline extractives which it

contains. That when in excess they may be highly injurious is in-

dicated by the little we know of the connection between the symp-
toms of gout and the presence of uric acid. A large meal of proteid

material must tax the system to the utmost in getting rid of or

stowing away the nitrogenous crystalline bodies arising through the

iuxus consumption either in the alimentary canal or in the liver.

One value of fats and carbohydrates lies in their being sources of

energy, more than three-fourths of the normal income of potential

energy coming from them (p. 3G7) ; and, as we have seen, they are

ultimate sources of muscular energy as well as of heat. But their

great characteristic is that they do not, like proteid food, excite the

metabolic activity of the body. Hence, unlike proteid food, they can

be retained and stored up in the body with comparative ease. The
dio-ested elements of fatty or carbohydrate food which go to form the

protoplasm of adipose tissue, become part and parcel of a substance

which can perform its metabolism without any explosive expen-

diture of energy, and which therefore, instead of giving rise to bodies

demanding immediate excretion from the system, can deposit its

metabolic products as apparently little, but as we have seen in reality
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greatly, changed • fat. In this way the non-nitrogenous food of to-

day is rendered available for future and even far distant wants.

In comparing fats with carbohydrates, we can only point to the
much greater potential energy of the former than of the latter, weight
for weight (see p. 867), and to the fact that the latter, by containing

so to speak water ready formed, and by thus affording material for

evaporation, hold within themselves a means of getting rid of some
of the energy which is set free by their metabolism, when that

energy takes on the form of heat.

A diet may be chosen either for the simple maintenance of

health, or for the sake of muscular energy, or for fattening purposes.

For the first purpose there is, we may suppose, a normal diet; and
in the case of man, instinct has probably not erred far in choosing

some such proportions as those given on p. 358. If, as we have
urged, all food becomes tissue before it leaves the body as waste
product, the dominant principle of all nutrition, and the ultimate
tribunal of all questions of diet, must be the individual character

of the tissue, the idiosyncrasy of the body. The same mystei-ious

qualities which cause the same blood-plasma to become here a
muscle, and there a secreting cell, convert the same food into the
body of a man or of a sheep. All the simpler and more general laws
of metabolism are made subservient to more intricate and special

laws of protoplasmic construction. We can only speak of a normal
diet in the same way that we speak of the average intelligence of man.

In seeking to supply such a normal diet out of ordinary articles

of food, we must bear in mind that the nutritive value of any sub-

stance, estimated in terms of the potential energy of the proteids, fats

or carbohydrates it contains, must of course be corrected by its

digestibility. One gramme of cheese has, as far as potential energy
is concerned, an exceedingly high value; but the indigestibility of

cheese brings its nutritive value to a very low level. Here too the
factor of idiosyncrasy makes itself exceedingly felt.

In feeding for fattening purposes the comparatively cheap carbo-

hydrates are of course chiefly depended on. If the view mentioned
on p. 364 be correct, that the fat really stored up all comes from pro-

teid metabolism, an equivalent of this food-stuff must always be
given. If, as seems probable, this view is a too hurried generalisa-

tion, there still remains the possibility that for economical fattening,

with the least waste, a certain proportion between the nitrogenous

and non-nitrogenous foods must always be maintained.

From what has been previously said it is evident that proteid food

is not the only food-stuff to be regarded in selecting a diet for mus-
cular labour. We should however equally err in the opposite direction

if we selected exclusively non-nitrogenous food on which to do work,

since, as we have seen, there is no evidence that the fats or carbohy-

drates are the direct, though they may be in part the ultimate source,

of muscular energy. Considering how complex a thing strength is, how
much it depends on the vigour of parts of the body other than the

F. P. 25
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muscles, a normal diet, calculated to develope equally all parts of the

body, is probably the best diet for active labour. It is possible how-
ever that an excess of proteid food, by reason of the renewal of tissue

caused by its metabolic activity, may be, in such cases, of service.

Lastly, the several saline matters, including the extractives of

animal and vegetable food, are no less essential elements of a diet

than proteids, fats, or carbohydrates. Of use, not for the energy they
themselves possess, but by reason of their regulating the energy of

the food-stutfs more strictly so called, they are necessary to life : the

body in their absence fails to carry out its usual metabolism, and
disease if not death follows.

The dietetic superiority of fresh meat and vegetables depends in part

on their still retaining these various saline and extractive matters. A
diet from which phosphorus (or even possibly phosphates), or chlorides, or

potash, or soda salts are absent, is, as soon as the store of the substance

in the body is exhausted, useless for nutritive purposes. Calcium and
magnesium may, to a certain extent, be replaced by bases closely allied to

them; but the metabolic role of phosphorus or of sulphur cannot be taken
up by any analogous body; and, as is illustrated by their distribution in

the body, the physiological functions of potash and soda are widely different

if not antagonistic, closely allied as are these two alkalis when regarded

from a chemical point of view. Like medicines and poisons—and indeed

they are in a manner natural medicines—the action of these bodies depends
in part on their dose. Indispensable as are potash salts to the economy, a

large dose of them is injurious; and a dog fed on nothing but Liebig's

extract dies sooner than a dog not fed at all, on account of the potash

salts of the extract exerting their deleterious influence in the absence of

the food whose metabolism their function is to direct.

The physiology of nutrition may be said to have been founded by
Liebig, when he proved the formation of fat in the animal body, and pub-

lished his views on the nature and use of food. The laboxu's of Regnault
and Reiset^ added much to our knowledge of the Statistics of Respiration.

The first elaborate inquiry into the Statistics of Metabolism in general was
that of Bidder and Schmidt^; this was followed by the investigations of

the Munich school, viz. Bischoff, Bischoff and Voit^, Voit, and Pettenkofer

and Voit\ Although we have had occasion to combat some of the views

of this school, it must be admitted that their extended and laboi-ious

researches have been the means of an immense advance in our knowledge.

Their method has been largely adopted, with excellent results, by the

various agi-icultural stations in Germany ; and in this country the inquiries

of Lawes and Gilbert ° have given us information of peculiaidy valuable

character, inasmuch as it is chiefly based on direct analysis and observa-

tion, and therefore free from the possibilities of error attaching to mere
calculations. If, however, one discovery can be pointed to as influencing

our views of the nature and laws of animal metabolism more than any other,

it is that by Bernard", of the formation of glycogen by the liver.

1 Ann. Ch. Phys. 1849 (3) xxvi. 32.

2 Op. cit. ^ Op. cit.

* Op. cit. and many subsequent memoirs in the Zt. ficr Biol.
^ Op. cit. « Op. cit.
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CHAPTER I.

SENSORY NERVES.

In studying the phenomena of motor nerves we are greatly assisted

by two facts : First, that the muscular contraction by which we judge

of what is going on in the muscle, is a comparatively simple thing,

one contraction differing from another only by such features as

amount, rapidity, and frequency of repetition, and all such differences

being capable of exact measurement. Secondly, that when we apply a

stimulus directly to the nerve itself, the effects differ in degree only

from those which result when the nerve is set in action by natural

stimuli, such as the will. When we come, on the other hand, to in-

vestigate the phenomena of afferent nerves, our labours are for the

time rendered heavier, but in the end more fruitful, by the facts

:

First, that we can only judge of what is going on in an afferent nerve

by the effects it produces in some central nervous organ, in the way
of exciting or modifying reflex action, or modifying automatic action,

or affecting consciousness; and we are consequently met on the very

threshold of every inquiry by the difficulty of clearly distinguishing

the events which belong exclusively to the afferent nerve from those

which belong to the central organ. Secondly, that the effects of ap-

plying a stimulus to the peripheral end-organ of an afferent nerve are

very different from those of applying the same stimulus directly to the

nerve-trunk. This may be shewn by the simple experience of com-
paring the sensation caused by the contact with any sharp body of a

nerve laid bare by a wound with that caused by contact of an intact

skin with the same body. These differences reveal to us a complexity

of impulses, of which the phenomena of motor nerves gave us not so

much as a hint; but for the time being they increase the difficulties

of our study.

An afferent impulse passing along an afferent nerve may affect

unconscious reflex or automatic action, or may produce a change in

our consciousness, or may bring about both results at the same time.

An afferent nerve the stimulation of which may lead to a modifica-

tion of consciousness may be more closely defined as a 'sensory' nerve.

There is no distinct proof, having regard to the difficulties just

mentioned, that the afferent fibres which in the body are commonly
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used to cause or affect reflex action differ at all in kind from those

whose function it is to modify consciousness. On the contrary, such

evidence as we have goes to shew that an appropriate stimulus of the

same fibre may give rise to one or other or both events; and that

whether the one or the other, or both, events occur depends on the

condition of the central organ, and on the relation of its several parts

to the afferent nerve. The stimulation of the same nerve (and there

are no positive facts which would preclude us from saying 'of the

same fibre') may at one moment, when the central nervous system

is intact, give rise to a change of consciousness alone, without the

development of any reflex action whatever, and at another moment,
the cerebrum being meanwhile removed, cause simply a reflex action.

We urge this point here because we shall be frequently led to speak

of a 'sensory' nerve under circumstances where there is no evidence

of consciousness being affected ; and though such a use of the word is

perhaps etymologically incorrect, the convenience of so using it is a'

sufficient excuse.

All the spinal nerves are mixed nerves, composed of afferent and
efferent, of motor and sensory fibres. When a spinal nerve is divided,

stimulation of the peripheral portion causes muscular contraction, of

the central portion, a sensation (or a reflex action). At the junction

of the nerve with the spinal cord the sensory fibres are gathered into

the posterior and the motor fibres into the anterior root. The proof

of this, which was first made known by Charles Bell and Majendie,

their discoveries forming the foundation of modern nervous physio-

logy, is simply as follows.

When the anterior root is divided, the muscles supplied by the

nerve cease to be thrown into contractions either by the will, or by
reflex action, while the structures to which the nerve is distributed

retain their sensibility. During the section of the root, or when the

proximal stump, that connected with the spinal cord, is stimulated, no
sensory effects are produced. When the distal stump is stimulated,

the muscles supplied by the nerve are thrown into contractions.

When the posterior root is divided, the muscles supplied by the nerve

continue to be thrown into action by an exercise of the will or as

part of a reflex action, but the structures to which the nerve is dis-

tributed lose the sensibility which they previously possessed. During
the section of the roofc, and when the proximal stump is stimulated,

sensory effects are produced. When the distal stump is stimulated

no movements are called forth. These facts demonstrate that sensory

impulses pass exclusively by the posterior root from the peripheral to

the central organs, and that motor impulses pass exclusively by the

anterior root from the central to the peripheral organs.

An exception must be made to the above general statement, on account

of the so-called recun-ent sensibility which is witnessed in conscious

mammals, under favourable circumstances. It often happens that when
the 'peripheral stump of the divided anterior root is stimulated, signs of
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pain are witnessed. These are not caused by the concurrent muscular

contractions or cramp which the stimulation occasions, for they remain if

the whole trunk of the nerve be divided some little way below the union

of the roots above the origins of the muscular branches, so that no con-

tractions take place. They disappear if the posterior root be also cut, and

they are not seen if the mixed nerve-trunk be divided close to the union of

the roots. The phenomena are probably due to the fact, that bundles of

sensory fibres of the posterior root after running a short distance down the

mixed trunk turn back and run upwards in the anterior root, and by this

recurrent course give rise to the recurrent sensibility. When the anterior

root is divided some few fibres in it do not, like the rest, degenerate, and

when the posterior root is divided, a few fibres in the anterior root are

seen to degenerate like those of the posterior root.

Concerning the ganglion on the posterior root, we may say defi-

nitely that it is neither a centre of reflex nor of automatic action.

Our knowledge concerning its function is almost limited to the fact

that it is in some way intimately connected with the nutrition of the

nerve. When a mixed nerve-trunk is divided, the peripheral portion

degenerates from the point of section downwards towards the peri-

phery. The central portion does not so degenerate, and if the length

of nerve removed be not too great, the central portion uniting with

the degenerating peripheral portion may grow downwards, and thus

regenerate the nerve. This degeneration is observed when the

mixed trunk is divided in any part of its course from the periphery

to close up to the ganglion. When the posterior root is divided

between the ganglion and the spinal cord, the portion attached to

the spinal cord degenerates, but that attached to the ganglion re-

mains intact. When the anterior root is divided, the proximal

portion in connection with the spinal cord remains intact, but the

distal portion between the section and the junction with the other

root degenerates; and in the mixed nerve-trunk many degenerated

fibres are seen, which, if they be carefully traced out, are found to be

motor fibres. If the posterior root be divided carefully between the

ganglion and the junction with the anterior root, the posterior root

above the section remains intact, but in the mixed nerve-trunk are

seen numerous degenerated fibres, which when examined are found

to have the distribution of sensory fibres. Lastly, if the posterior

ganglion be excised, the whole posterior root degenerates, as do also

the sensory fibres of the mixed nerve-trunk. Putting all these facts

together, it would seem that the growth of the motor and sensory fibres

takes place in opposite directions, and starts from different nutritive

or ' trophic ' centres. The sensory fibres grow away from the ganglion

either towards the periphery, or towards the spinal cord. The motor

fibres grow outwards from the spinal cord towards the periphery.

This difference in their mode of nutrition is frequently of great help

in investigating the relative distribution of motor and sensory fibres.

When a posterior root is cut beyond the ganglion, or the ganglion

excised, ail the sensory nerves degenerate, and the sensory fibres, by
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their altered condition, can readily be traced in the mixed nerve-

branches. Conversely, when the anterior roots are cut, the motor

fibres alone degenerate, and can be similarly diagnosed in a mixed
nerve-tract. Thus also in a mixed nerve like the vagus, the fibres

which spring from the real vagus root may be distinguished from

those proceeding from the spinal accessory, by section of the vagus

and spinal accessory roots respectively ; and in the mixed vago-sympa-

thetic trunk, met with in many animals, the vagus fibres may be
distinguished from the sympathetic, since, after a section of the mixed
trunk, the former degenerate from above downwards, whereas the

latter degenerate from the inferior cervical ganglion below upwards

to the superi<)r cervical ganglion above ; for the ganglia of the sym-

j)athetic behave in this respect like the spinal ganglia of the jdos-

terior roots. This method of diagnosis is often spoken of as the Wal-
lerian method, after A. Waller, to whom we are indebted for the

discovery of most of these facts.

According to Wiindt^ afferent impulses suffer a delay in passing through

the spinal ganglia, reflex acts having a markedly shorter latent period

when tliey are initiated by a stimulus applied to the posterior root than

when the stimulus is applied to the mixed nerve-trunk just below the

ganglion.

In the cranial nerves the motor and sensory tracts are far less

mixed than in the spinal nerves. The olfactory, optic and acoustic

nerves are purely sensory nerves. The fifth, glosso-pharyngeal and
vagus are mixed nerves. The facial and hypoglossal are for the most

part motor (efferent) nerves, but contain sensory fibres. The third,

fourth, sixth and spinal accessory are exclusively motor (efferent)

nerves. These statements refer to what are commonly looked upon
as the trunks of the respective nerves. More exactly speaking, the

sensory fibres of the facial come from the fifth, pneumogastric and
glosso-pharyngeal nerves, so that the facial proper is in reality a

purely motor nerve. So likewise is the hypoglossal, its sensory fibres

coming from the fifth, pneumogastric, and three upper cervical

nerves. The fifth is a mixed nerve entirely on the plan of a spinal

nerve, having distinct motor and sensory roots. The glosso-pharyn-

geal seems also to be essentially a sensory nerve, its motor filaments

springing from the fifth and facial nerves. Concerning the vagus

some have maintained that the pneumogastric root proper is entirely

sensory (afferent), and that all the efferent functions of the vagus are

dependent on the fibres of the spinal accessory which join it. To
this point we shall return when we come to consider briefly the

special functions of these several nerves.

We have already stated (p. 87) that isolated pieces of motor and
of sensory nerves behave exactly alike as far as all the physical mani-

festations attendant on the passage of a nervous impulse are concerned.

1 Ulechanik cler Nerven. (187C), 2te Ahth. p. 45.
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The same is also .true, as far as we know, of nerves within the body.

This, taken into consideration with the facts just mentioned con-

cerning the regeneration of nerves, suggests the inquiry Avhether by
a change of the peripheral or central organs a motor nerve can be
converted into a sensory nerve, or vice versa. Experiments made with

a view of obtaining a functional union between purely motor and
sensory nerves have, in the hands of most observers (Flourens,

Bidder, Schiff, &c.), failed; and though Philipeaux and Vulpian^ were
so far more successful, that they obtained an apparent union between
a sensor}^ and a motor nerve-trank, their results do not j^rove that a
fibre, which is ordinarily a purely sensory, may act as a motor fibre,

and vice versa.

These observers, having in young dogs divided the hypoglossal nerve
and removed its central portion as completely as possible, united bv fine

sutm-es its peripheral end with the central portion of the lingual of the

same side, having similarly removed from this tlie peripheral portion.

Thus the central lingual was united vith the peripheral hypoglossal. Com-
plete union took place, and it was found that, after some weeks, the por-

tion of nerve between the tongue and the point of union, i.e. the part which
had pi-evioiLsly been the peripheral hyi^oglossal, was in a sound and healthy

condition. Stimulation of the central parts of the lingual nerve above the

point of union produced contractions in the tongue of that side, whether
tlie stimulus were electrical or mechanical; and the contractions wei-e

still visible when the lingual, in order to preclude any reflex action, was
divided high up previous to stimulation. Here the sensory lingual was
evidently the means of causing motor effects. It must be remembered,
however, that this is not a case of the union of motor and sensory fibres.

The peri]:)heral jDortion of the hypoglossal in reality became wholly degene-

rated, and the portion of nerve which apparently was hv|:)oglossal nerve, was
in truth new nerve produced by a downward growth of the lingual. If any
real union took place it must have been between the lingual fibres and the

end-plates of the glossal muscular fibres. The force of this experiment is

moreover lessened by the fact, that when the hypoglossal is simply removed,
or a large piece of the nerve cut out, so that the peripheral portions degene-

rate, stimulation of the lingual nerve of the same side causes movements
of the tongue", though when the hypoglossal is intact, stimulation of the

lingual produces no such effect. The explanation of this result is not
obvious. Similar but less satisfactory experiments were made on the union
of the vagus and hypoglossal.

The rate at which nervous impulses travel appears to be about

the same in motor and sensor}^ nerves. We have seen that the ve-

locity of a nervous impulse in the motor nerve of a frog is about 28
metres per sec. The velocity of a motor impulse in man, as judged
by the difference of the latent period of the contraction of the thumb-
muscles when stimulation is brought to bear on the motor nerve at

the wrist, or high up in the arm, is about S3 metres per sec.

In warm-blooded animals, however, the rate of transmission of

^ Yulpian, Lee. System Xerv. 274. ^ Briicke, Vorlesung. ii. 22,
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motor impulses is very variable, being in particular closely dependent

on temperature, and probably also on other circumstances. Thus,

Helmholtz and Bast^ obtained a range from as low as 80 m. when the

arm was cooled to as high as 89"4 m. when the arm was heated. The
velocity of a sensory impulse is estimated by measuring the time

taken between a stimulus being brought to bear on some sentient

surface, as the skin, and the making of a signal by the individual

experimented on at the instant that he feels the stimulus. The time

taken up in the sensory impulse b'scoming converted into a sensation

after reaching the nervous central organs, in the mental operation

of determining to make the signal, and in the beginning to make
the signal, corresponds in a way to the purely muscular portion of

the latent period in the experiment for determining the velocity

of a motor impulse. The application of the stimulus and the making
of the signal {ex. gr. closing a galvanic circuit) being both recorded

on a rapidly travelling surface, the time taken up in the whole opera-,

tion can be easily measured ; and the difference between the time

taken when the stimulus is applied to some spot separated from the

central nervous system by a short piece of nerve, ex. gr. the top of

the thigh, and that taken when a long piece of nerve intervenes, ex. gr.

when the stimulus is applied to the toe, will give the time required

for the sensory impulse to pass along a piece of sensory nerve as

long as the difference of length between the above two nerves ; from

which the velocity can be calculated. Observations carried on in this

way led to most discordant results, varying from 26 metres to

94 metres, or even more per sec. The difference here is far too great

to allow any value to be attached to an average. When it is re-

membered how complex are all the central nervous operations in

these instances, as compared with the changes going on in a muscle

during the latent period of its contraction, and how these central

operations might vary according as one or other spot of skin was

stimulated, quite independently of the length of nerve between the

centre and the spot stimulated, these discrepancies will not be won-

dered at ; and it may fairly be concluded that the velocity of a sen-

sory impulse does not materially differ from that of a motor impulse.

We have already seen (p. 85) that a sensory nerve in its simplest

form may be regarded as a strand of eminently irritable protoplasm,

forming a link between a superficial cell which alone is subject to

extrinsic stimuli, and a central (reflex or automatic) cell which re-

ceives stimuli chiefly in the form of nervous impulses proceeding

from the former along the connecting strand. In the earliest

stages of the development of a sensory nervous system, the super-

ficial sensory cell is susceptible of stimuli of all kinds, provided

they are sufiiciently strong ; and probably all the impulses which

it transmits to the central cell resemble each other very closely, dif-

fering only in degree. It is obvious however that the economy would

1 Berlin. Monatshericlit, 1870.
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gain by a further,division of labour, by a differentiation of the simple

uniform superficial cell into a number of cells, each, of which was

more susceptible to particular stimuli than its fellows. Thus one

cell, or rather one group of cells, would become eminently susceptible

to the influence of light : in them the impact of rays of light would

give rise to nervous impulses more readily than in the other groups
;

another group would develope a sensitiveness to waves of sound, and
so on. In this way the primary homogeneous bodily surface would

be differentiated into a series of sense-organs, disposed and arranged

among ectodermic cells, the purpose of the latter being simply pro-

tective, and therefore not demanding the existence of any direct

connection with the central nervous system. Similar but less highly

marked differentiations would be established in the endings of the

afferent nerves connecting the central nervous system with the in-

ternal surfaces and parts of the body.

Moreover it is obvious that the sensory impulses transmitted to

the central nervous system by these differentiated sense-organs would

be themselves largely differentiated. Just as the impulses which

pass along a motor nerve differ according to the nature of the stimulus

which is applied to the nerve (whether, for instance, the stimulus be

a single induction-shock, or several shocks repeated slowly, or several

shocks repeated rapidly, and so on, the effect on the muscle being in

each case a different one), so to a much greater degree the impulses

generated by light in a visual sense-organ must naturally differ from

those generated by simple pressure in a tactile sense-organ.

And since these various sensory impulses have much work to

perform on arriving at the central nervous system, in the way of

affecting consciousness, and influencing the multitudinous molecular

operations going on in the central cells, this differentiation of sensory

organs and sensory impulses is accompanied by a corresponding

differentiation of those central cells which the impulses are the first

to reach on arriving at the central organ. Those cells, for instance, of

the central nervous system, w^hich first receive the particular nervous

impulses coming from the visual sense-organs, will be set apart for

the task of so modifying and preparing those impulses as to adapt

them in the best possible way for the Avork which they have to do.

Hence each peripheral sense-organ will be united by means of its

nerve with a corresponding central sense-organ, the former being

able to affect other parts of the central nervous system only through

the medium of the latter. This at least we know to be the case as

far as relates to all the central nervous operations in which conscious-

ness is concerned ; for of the total characters which belong to an
affection of consciousness by means of any of the sense-organs, i. e.

which belong to any particular sensations, while some are gained

during the rise of the sensory impulses in the peripheral sense-organ,

others first appear in the central sense-organ during the conversion of

the impulses into a sensation. Thus a stimulus of any kind applied

to the optic nerve along any part of its course gives rise to a sensa-
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tion of light, and precisely the same stimulus applied to the acoustic

nerve along any part of its course gives rise to a sensation of sound

;

and so on. All the evidence we possess goes against the view that an

isolated piece of optic nerve differs in function from a similarly iso-

lated piece of acoustic nerve ; such facts as are within our knowledge

go to shew that the disturbances generated in a piece of optic nerve

by a galvanic current are the same as those generated in a piece of

acoustic nerve. We are therefore driven to the conclusion that the

difference in this case arises in the central organs.

In all these differentiated sensory mechanisms, or special senses

as they are called, we have then to deal with two elements : the

peripheral sense-organ, in which we have to study how the special

pliysical agent gives rise to special sensory impulses ; and the central

sense-organs, in which our study is confined to the manner in which

these special impulses affect consciousness or otherwise modify the

operations of the central nervous system. Inasmuch as in a normal

body the peripheral organ remains in connection with the central

organ, and our study of the special senses is carried on chiefly by sub-

jective observations in which we make use of our own consciousness,

it frequently becomes very difficult to distinguish in any given

sensation the peripheral from the central element. The two become
more distinct, the more complex the sense and the more highly

organised the sense-organs. For this reason it will be most con-

venient to commence our study of the special senses with the sense

of vision.



CHAPTER II.

SIGHT.

A ray of light falling on the retina gives rise to what we call a
sensation of light ; but in order that distinct vision of any object may
be gained, an image of the object must be formed on the retina, and
the better defined the image the more distinct will be the vision.

Hence in studying the physiology of vision, our first duty is to ex-

amine into the arrangements by which the formation of a satisfactory

image on the retina is effected ; these we may call briefly the dioptric

mechanisms. We shall then have to inquire into the laws according

to which rays of light impinging on the retina give rise to sensory

impulses, and those according to which the impulses thus generated

give rise in turn to sensations. Here we shall come upon the diffi-

culty of distinguishing between the unconscious or physical and the
conscious or psychical factors. And we shall find our difficulties

increased by the fact, that in appealing to our own consciousness we
are apt to fall into error by confounding primary and direct sensa-

tions with states of consciousness which are produced by the weaving
of these primary sensations with other operations of the central

nervous system, or, in familiar language, by confounding what we
see with what we think we see. These two things we will briefly

distinguish as visual sensations and visual judgments ; and we shall

find that both in vision with one eye, but more especially in bino-

cular vision, visual judgments form a very large part of what we
frequently speak of as our sight.

Sec. 1. DioPTEic Mechanisms.

The Formation of the Image.

The eye is a camera, consisting of a series of lenses and media
arranged in a dark chamber, the iris serving as a diaphragm ; and
the object of the apparatus is to form on the retina a distinct image
of external objects. That a distinct image is formed on the retina,

may be ascertained by removing the sclerotic from the back of an
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eye, and lookiDg at the hinder surface of the transparent retina

while rays of light proceeding from any external object are allowed

to fall on the cornea.

A dioptric apparatus in its simplest form consists of two media
separated by a (spherical) surface ; and the optical properties of such

an apparatus depend upon (1) the curvature of the surface, (2) the

relative refractive power of the media. The eye consists of several

media, bounded by surfaces which are approximately spherical but of

different curvature. The surfaces are all centred on a line called the

optic axis, which meets the retina at a point somewhat above and to

the inner (nasal) side of the fovea centralis. In passing from the

outer surface of the cornea to the retina the rays of light traverse

in succession the cornea, the aqueous humour, the lens and the

vitreous humour. Refraction takes place at all the surfaces bounding
these several media, but particularly at the anterior surface of the

cornea, and at both the anterior and posterior surfaces of the lens.

Since the anterior and posterior surfaces of the cornea are parallel, or

very nearly so, the rays of light would suffer little or no change of

direction in passing through the cornea, if it were bounded on both

sides by the same medium. The direction of the rays of light in the

aqueous humour would therefore remain the same if the cornea were
made exceedingly thin, if in fact its two surfaces were made into

one, forming a single anterior surface to the aqueous humour ; or,

which comes to the same thing in the end, since the refractive power
of the. substance of the cornea is almost exactly the same as that of

the aqueous humour, the refraction at the posterior surface of the

cornea may be neglected altogether. Thus the two surfaces of the

cornea are practically reduced to one. The lens varies in density in

different parts, the refractive power of the central portions being

greater than that of the external layers ; but the refractive power of

the whole may, without any serious error, be assumed to be uniform,

a mean being taken between the refractive powers of the several

parts. The refractive power of the vitreous humour is almost ex-

actly the same as that of the aqueous humour.
Thus the apparently complicated natural eye may be simplified

into a * diagrammatic eye,' in which the refracting surfaces are re-

duced to three, viz. (1) the anterior surface of the cornea, (2) the

anterior surface of the lens separating the lens from the aqueous

humour, and (3) the posterior surface of the lens separating the lens

from the vitreous humour. The media will similarly be reduced to

two ; the mean substance of the lens, and the aqueous or vitreous

humour. This ' diagrammatic eye' is of great use in the various

calculations which become necessary in studying physiological optics;

for the magnitudes which are derived by calculation from it repre-

sent the corresponding magnitudes in an average natural eye with

sufficient accuracy to serve for all practical purposes. The values

adopted by Listing for the constants of this ' diagrammatic eye,' and
to him we are indebted for the introduction of it, are as follow :
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Radius of curvature of cornea 8 mm.
„ „ of anterior surface of lens 10 „

„ „ of posterior „ „ 6 „

Refractive index of aqueous or vitreous humour
^^pf.

Mean refractive index of lens -i^,

Distance from anterior surface of cornea to anterior

surface of lens 4 mm.
Thickness of lens 4 „

The calculated position of the pi^incipal posterior focus, i. e. the

point at which all rays falling on the cornea parallel to the optic

axis are brought to a focus, is in the diagrammatic eye 14"6470 mm,
behind the posterior surface of the lens, or 22"6470 mm. behind the

anterior surface of the cornea. That is to say, the fovea centralis

must occupy this position in order that a distinct image of a distant

object may be formed upon it. It must be understood that these

values refer to the eye when at rest, i.e. when it is not undergoing
any strain of accommodation.

Accommodation.

When an object, a lens, and a screen to receive the image, are so

arranged in reference to each other, that the image falls upon the

screen in exact focus, the rays of light proceeding from each luminous

point of the object are brought into focus on the screen in a point of

the image corresponding to the point of the object. If the object be

then removed farther away from the lens, the rays proceeding in a

pencil from each luminoias point will be brought to a focus at a point

in front of the screen, and, subsequently diverging, will fall upon the

screen as a circular patch composed of a series of circles, the so-called

diffusion circles, arranged concentrically round the principal ray of

the pencil. If the object be removed, not farther, but nearer the

lens, the pencil of rays will meet the screen before they have been

brought to focus in a point, and consequently will in this case also

give rise to diffusion circles. When an object is placed before the

eye, so that the image falls into exact focus on the retina, and the

pencils of rays proceeding from each luminous point of the object are

brought into focus in points on the retina, the sensation called forth

is that of a distinct image. When on the contrary the object is too

far away, so that the focus lies in front of the retina, or too near, so

that the focus lies behind the retina, and the pencils fall on the retina

not as points, but as systems of diffusion circles, the image produced

is indistinct and blurred. In order that objects both near and distant

may be seen with equal distinctness by the same dioptric apparatus,

the focal arrangements of the aj)paratus must be accovimodated to the

distance of the object, either by changing the refractive power of the

lens, or by altering the distance between the lens and the screen.

That the eye does possess such a power of accommodation is shewn

by every-day experience. If two needles be fixed upright some two
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feet or so apart, into a long piece of wood, and the wood be held
before the eye, so that the needles are nearly in a line, it will be
found that if attention be directed to the far needle, the near one
appears blurred and indistinct, and that, conversely, when the near one
is distinct, the far one appears blurred. By an effort of the will

we can at pleasure make either the far one or the near one distinct

;

but not both at the same time. When the eye is arranged so that the
far needle appears distinct, the image of that needle falls exactly on
the retina, and each pencil from each luminous point of the needle
unites in a point upon the retina; but when this is the case, the
focus of the near needle lies behind the retina, and each pencil from
each luminous point of this needle falls upon the retina in a series of

diffusion circles. Similarly, when the eye is arranged so that the
near needle is distinct, the image of that needle falls upon the retina

in such a way, that each pencil of rays from each luminous point of

the needle unites in a point on the retina, while each pencil from
each luminous point of the far needle unites at a point in front of the
retina, and then diverging again falls on the retina, in a series of diffu-

sion circles. If the near needle be gradually brought nearer and nearer

to the eye, it will be found that greater and greater eflbrt is required

to see it distinctly, and at last a point is reached at which no effort

can make the image of the needle appear anything but blurred.

The distance of this point from the eye marks the limit of accommo-
dation for near objects. Similarly, if the person be short-sighted, the

far needle may be moved away from the eye, until a point is reached
at which it ceases to be seen distinctly, and appears blurred. In the

one case, the eye, with all its power, is unable to bring the image of

the needle sufficiently forward to fall on the retina ; the focus lies

permanently behind the retina. In the other, the eye cannot bring

the image sufficiently backward to fall on the retina ; the focus lies

permanently in front of the retina. In both cases the pencils of rays

from the needles strike the retina in diffusion circles.

The same phenomena may be shewn with greater nicety by what
is called Scheiner's experiment\ If two smooth holes be pricked in

a card, at a distance from each other less than the diameter of the

pupil, and the card be held up before one eye, with the holes

horizontal, and a needle placed vertically be looked at through the

holes, the following facts may be observed. When attention is directed

to the needle itself, the image of the needle appears single. Whenever
the gaze is directed to a more distant object, so that the eye is no
longer accommodated for the needle, the image appears double and
at the same time blurred. It also appears double and blurred when
the eye is accommodated for a distance nearer than that of the

needle. When only one needle is seen, and the eye therefore is

properly accommodated for the distance of the needle, no effect is

produced by blocking up one hole of the card, except that the whole

1 Sclieiner, Oculus. Innsbruck, 1619.
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field of vision -seems dimmer. When, however, the image is double
on account of the eye being accommodated for a distance greater
than that of the needle, blocking the left-hand hole causes a disap-

pearance of the right-hand or opposite image, and blocking the
right-hand hole causes the left-hand image to disappear. When
the eye is accommodated for a distance nearer than that of the
needle, blocking either hole causes the image on the same side to

vanish. The following diagram will explain how these results are

brought about.

Let a (Fig. 44) be a luminous point in the needle, and ae, af the
extreme right-hand and left-hand rays of the pencil of rays proceeding

Fig. 44, Diageam of Scheinee's Experiment.

from it, and passing respectively through the right-hand e, and left-

hand /, holes in the card. (The figure is supposed to be a horizontal

section of the eye.) When the eye is accommodated for a, the rays

e and/meet together in the point c, the retina occupying the position

of the plane nn; the luminous point appears as one point, and the

needle will appear as one needle. When the eye is accommodated

r. p. 26
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for a distance beyond a, the retina may be considered to lie^ no longer

at nil, but nearer the lens, at mm for example ; the rays ae will cut

this plane at p, and the rays a/ at q; hence the luminous point will

no longer appear single, but will be seen as two points, or rather as

two systems of diffusion circles, and the single needle will appear as

two blurred needles. The rays passing through the right-hand hole

e, will cut the retina at p, i. e. on the right-hand side of the optic

axis ; but, as we shall see in speaking of the judgments pertaining to

vision, the image on the right-hand side of the retina is referred hy

the mind to an object on the left-hand side of the person ; hence

the affection of the retina at p, produced by the rays ae falling

on it there, gives rise to an image of the spot a at P, and similarly

the left-hand spot q corresponds to the right-hand Q. Blocking the

left-hand hole, therefore, causes a disappearance of the right-hand

image, and vice versa. Similarly when the eye is accommodated for

a distance nearer than the needle, the retina may be supposed to

be removed to II, and the right-hand ae and left-hand af rays, after

uniting at c, will diverge again and strike the retina at 'p and q.

The blocking of the hole e will now cause the disappearance of the

image q on the left-hand side of the retina, and this will be referred

by the mind to the right-hand side, so that Q will seem to vanish.

If the needle be brought gradually nearer and nearer to the eye,

a point will be reached within which the image is always double.

This point marks with considerable exactitude the near limit of

accommodation. With short-sighted persons, if the needle be removed
farther and farther away, a point is reached beyond which the image

is always double ; this marks the far limit of accommodation.

The experiment may also be performed with the needle placed hori-

zontally, in which case the holes in the card should be vertical. The
adjustment for the eye for near or far distances may be assisted by using

two needles, one near and one far. In this case one needle should be

vertical and the other horizontal, and the card turned round so that the

holes lie horizontally or vertically according to whether the vertical or

horizontal needle is being made to appear double.

In what may be regarded as the normal eye, the so-called emme-
tropic eye, the near limit of accommodation is about 10 or 12 cm. and
the far limit may be put for practical purposes at an infinite distance.

The 'range of distinct vision' therefore for the emmetropic eye is

very great. In the myopic, or short-sighted eye, the near limit is

brought much closer (5 or 6 cm.) to the cornea ; and the far limit is

at a variable but not very great distance, so that the rays of light

proceeding from an object not many feet away are brought to a focus,

not on the retina but in the vitreous humour. The range of distinct

vision is therefore in the myopic eye very limited. In the hyperme-

' Of course, in tlie actual eye, as we shall see, accommodation is effected by a

clianf,'e in the lens, and not hy an alteration in the position of the retina ; hut for con-

venience sake, we may here suppoae the retina to be moved.
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tropic, or loag-sighted eye, the rays of light coming from even an
infinite distance are, in the passive state of the eye, brought to a
focus beyond the retina. The near limit of accommodation is at

some distance off, and a far limit of accommodation does not exist.

The preshi/ojnc eye, or the long-sight of old people, resembles the
hypermetropic eye in the distance of the near point of accommodation,
but differs from it inasmuch as the former is an essentially defective

condition of the accommodation mechanism, whereas in the latter

the power of accommodation may be good and yet, from the internal

arrangements of the eye, be unable to bring the image of a near
object on to the retina. When a normal eye becomes presbyopic, the

far limit may remain the same, but since the power of accommodating
for near objects is weakened or lost, the change is distinctly a reduc-

tion of the range of distinct vision. In the normal emmetropic eye,

when no effort of accommodation is made, the jjrincipal focus of the
eye lies on the retina, in the myopic eye in front of it, and in the hy-
permetropic eye behind it.

Mechanism of Accommodation. In directing our attention

from a far to a very near object we are conscious of a distinct effort,

and feel that some change has taken place in the eye ; when we turn

from a very near to a far object, if we are conscious of any change
in the eye, it is one of a different kind. The former is the sense of

an active accommodation for near objects ; the latter, when it is felt,

is the sense of relaxation after exertion.

Since the far limit of an emmetropic eye is at an infinite distance,

no such tiling as active accommodation for far distances need exist. The
only change that will take place in the eye in turning from near to far

objects will be a mere passive undoing of the accommodation previously

made for the near object. And that no such active accommodation
for far distances takes place is shewn by the facts—that the eye, when
opened after being closed for some time, is found not in medium state

but adjusted for distance ; that when the accommodation mechanism of

the eye is paralysed by atropin or nervous disease, the accommodation for

distant objects is unaffected ; and that we are conscious of no effort in turn-

ing from moderately distant to far distant objects. The sense of effort

often spoken of by myopic persons as being felt when they attempt to see

things at or beyond the far limit of their range seems to arise from a move-
ment of the eyelids, and not from any internal changes taking place in

the eye.

What then are the changes which take place in the eye, when we
accommodate for near objects? It might be thought, and indeed

once was thought, that the curvature of the cornea was changed,

becoming more convex, with a shorter radius of cuiwature, for near

objects. Young, however, shewed that accommodation took place as

usual when the eye (and head) is immersed in water. Since the

refractive powers of aqueous humour and water are very nearly alike,

the cornea, with its parallel surfaces, placed between these two fluids,

26—2
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can have little or no effect on tlie direction of the rays passing

through it when the eye is immersed in water. And accurate measure-

ments of the dimensions of an image on . the cornea have shewn

that these undergo no change during accommodation, and that there-

fore the curvature of the cornea is not altered. Nor is there any

change in the form of the bulb ; for any variation in this would

necessarily produce an alteration in the curvature of the cornea, and

pressure on the bulb would act injuriously by rendering the retina

aneemic and so less sensitive. In fact, there are only two changes of

importance which can be ascertained to take place in the eye during

accommodation for near objects.

One is that the pupil contracts. When we look at near objects,

the pupil grows small ; when we turn to distant objects, it dilates. This

however cannot have more than an indirect influence on the forma-

tion of the image ; the chief use of the contraction of the pupil in

accommodation for near objects is to cut off the more divergent cir-

cumferential rays of light.

The other and really efficient change is that the anterior surface

of the lens becomes more convex. If a light be held before the eye,

three reflected images may be seen by a bystander : one a very bright

one caused by the anterior surface of the cornea, a second less bright,

by the anterior surface of the lens, and a third very dim, by the pos-

terior surface of the lens. When the eye is accommodated for near

objects, no change is observed in either the first or the third of these

images ; but the second, that from the anterior surface of the lens, is

seen to become distinctly smaller, shewing that the surface has become
more convex. When, on the contrary, vision is directed from near to

far objects, the image from the anterior surface of the lens grows larger,

indicating that the convexity of the surface has diminished, while no

change takes place in the curvature either of the cornea or of the

posterior surface of the lens. And accurate measurements of the size

of the image from the anterior surface of the lens have shewn that the

variations in curvature which do take place, are sufficient to account

for the power of accommodation which the eye possesses.

The observation of these reflected images is facilitated by the simple

instrviment introduced by Helmholtz and called a Piiakoscope. It consists

of a small dark chamber, with apertures for the observed and observing

eyes ; a needle is fixed at a short distance in front of the former, to serve

as a near object, for which accommodation has to be made ; and by means
of two prisms the image from each of the three surfaces of tli-e observed

eye is made double instead of single. When the anterior surface of the lens

becomes more convex the two images reflected from that surface approach

each other, when it becomes less convex they retire from each other.

The approach and retii'ement are more readily appreciated than is a

simple change of size.

These observations leave no doubt that the essential change by
which accommodation is effected, is an alteration of the convexity of



Chap.il] sight. 405

the anterior surface of the lens. And that the lens is the agent of

accommodation, is shewn by the fact that after removal of the lens, as

in the operation for cataract, the power of accommodation is lost.

In the cases which have been recorded, where eyes from which the

lens had been removed seemed still to possess some accommodation, we
must suppose that no real accommodation took place, but that the pupil

contracted when a near object was looked at, and so assisted in making

vision more distinct.

Concerning the nature of the mechanism by which this increase of

the convexity of the lens is effected, the view most generally adopted

is as follows. In the passive condition of the eye, when it is adjusted

for far objects, the suspensory ligament keeps the lens tense with

its anterior surface somewhat flattened. Accommodation for near

objects consists essentially in a contraction of the ciliary muscle,

which, by pulling forward the choroid coat and the ciliary processes,

slackens the suspensory ligament, and allows the lens to bulge forward

by virtue of its elasticity, and so to increase the convexity of its

anterior surface.

Though all the parts surrounding the lens are highly vascular, the

change in the lens cannot be considered as the resulb of any vaso-motor

action, since accommodation may be eSected in a practically bloodless eye

by artificial stimulation with an interrupted current, or by other means.

Again, the fact that accommodation may take place in eyes from which the

iris is congenitally absent, disproves the suggestion that the change in the

lens is caused either by the compression of the circumference of the lens,

or in any other way by contraction of the iris. On the other hand, the

observations of Hensen and Yolckers ', who saw the choroid drawn forward

during accommodation, and satisfied themselves that the cornea served as a

functional fixed attachment for the ciliary muscle, ofier a sti-ong support

to the generally accepted explanation. To which it may be added, that the

lens is certainly elastic, aud, moreover, that its natural convexity appears to

be diminished by the action of the suspensory ligament, since after removal

from the body its anterior surface is found to be more convex than when
in the natural position in the body.

Accommodation is a voluntary act; since, however, the change in

the lens is always accompanied by movements in the iris, it will be

convenient to consider the latter, before we discuss the nervous

mechanism of the whole act.

Movements of the Pupil. Though by making the efforts required

for accommodation we can at pleasure contract or dilate the pupil, it

is not in our power to bring the will to act directly on the iris by
itself. This fact alone indicates that the nervous mechanism of the

pupil is of a peculiar character, and such indeed we find it to be.

The pupil is contracted (1) when we accommodate for near objects,

(2) when the retina (or optic nerve) is stimulated, as when light falls

1 Mechanismus d. Accommod. 1868. Cbt. f. Med. Wiss. 1868, p. 455.
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on the retina; the brighter the light the greater the contraction.

The pupil is also contracted when the eyeball is turned inwards, when
the aqueous humour is deficient, in the early stages of poisoning

by chloroform, alcohol, &c., and in nearly all stages of poisoning by
morphia, calabar bean, and some other drugs. The pupil is dilated

(1) when the eye is adjusted for far objects, (2) when stimulation of

the retina (or optic nerve) is arrested or diminished. Hence the

pupil dilates in passing into a dim light. Dilation also occurs when
there is an excess of aqueous humour, during dyspnoea, during violent

muscular efforts, as an effect of emotions, in the later stages of poison-

ing by chloroform &c., and in all stages of poisoning by atropin and

some other drugs. Contraction of the pupil is caused by contraction

of the circular fibres or sphincter of the iris. Dilation is caused by
contraction of the radial fibres of the iris.

The existence of radial fibres lias been denied by many observers, but

the preponderance of evidence is clearly in favour of their being really

present. Considering how vascular the iris is, it does not seem unreason-

able to interpret some of the variations in the condition of the pupil as the

results of simple vascular turgescence or depletion brought about by vaso-

motor action or otherwise. Thus slight oscillations of the pupil may be

observed synchronous with the heart-beat and others synchronous with the

respiratory movements. But that constriction of the pupil cannot be

wholly the result of turgescence, nor dilation wholly the result of depletion

of the vessels of the iris, is shewn by the fact that both these events may be

witnessed in a perfectly bloodless eye.

Contraction of the pupil, brought about by light falling on the

retina, is a reflex act, of which the optic is the afferent nerve, the

third or oculo-motor the efferent nerve, and the centre some portion

of the corpora quadrigemina in the neighbourhood of the aqueduct

of Sylvius. This is proved by the following facts. When the optic

nerve is divided, the falling of light on the retina no longer causes

a contraction of the pupil. When the third nerve is divided, stimu-

lation of the retina or of the optic nerve no longer causes contraction

;

but direct stimulation of the peripheral portion of the divided third

nerve causes extreme contraction of the pupil. After removal of the

corpora quadrigemina, stimulation of the retina is similarly ineffec-

tual. But if the corpora quadrigemina, optic nerve, and third nerve

be left intact, contraction of the pupil will occur as a result of light

falling on the retina, though all other nervous parts be removed,

certain reservations, of which we shall speak directly, being made.

In the excised eye of the eel or frog the pupil will still contract on
exposure to light though the nervous centre is absent'. Holmgi'en and
Edgreu^ find that in the frog this contraction of the pupil of the excised

eye on exposure to light disappears when the retina is destroyed; there

1 Brown-S^quard, Commit. Bend. xxv. (1847), 482. 508, Proe. Boy. Soc. viii. (1856),

p. 233.
^ Hofmann and Scliwalbe, Bericht, v. (187C), p. 103.
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seems therefore to be ivithin the bulb some nervous connection between tlie

retina and iris.

The centre in the corpora quadrigemina is not a double centre with

two completely independent halves, one for each eye; there is a certain

amount of functional communion between the two sides, so that when
one retina is stimulated both pupils contract. It might be imagined

that this cerebral centre acted as a tonic centre, whose action was

simply increased not originated by the stimulation of the retina. This,

however, is disproved by the fact that, if the optic nerve be divided,

subsequent section of the third nerve produces no further effect.

In considering the movements of the pupil, however, we have

to deal not only with contraction but with active dilation; and this

renders the whole matter much more complex than might be supposed

to be the case from the simple statement just made.

The iris is supplied, in common with the ciliary muscle and

choroid, by the short ciliary nerves coming from the ophthalmic or

lenticular (ciliary) ganglion, which is connected by its roots with the

third nerve, the cervical sympathetic nerve, and, by the nasal branch

of its ophthalmic division, with the fifth nerve. The short ciliary

nerves are, moreover, accompanied by the long ciliary nerves coming

from the same nasal branch of the ophthalmic division of the fifth

nerve. What are the uses of these several nerves in relation to the

pupil ?

If the cervical sympathetic in the neck be divided, all other por-

tions of the nervous mechanism being intact, a contraction of the

pupil (not always very well marked) takes place, and if the peripheral

portion {i. e. the upper portion still connected with the eye) be stimu-

lated, a well-developed dilation is the result. The sympathetic has,

it will be observed, an effect on the iris, the opposite of that which it

exercises on the blood-vessels ; when it is stimulated the pupils are

dilated while the blood-vessels are constricted. This dilating influence

of the sympathetic may, as in the case of the vaso-motor action of the

same nerve, be traced back down the neck, along the rami commu-
nicantes and roots of the last cervical and first dorsal spinal nerves, to

a region in the lower cervical and upper dorsal cord (called by Budge
the centrum cilio-spinale inferius), and from thence to the medulJa

oblongata or to the quadrigemina to a centre, the position of which

is not accurately known.

The dilation of the pupil cannot however be regarded as a vaso-motor

effect (even on the supposition that the emptying or constriction of the

blood-vessels of the iris could cause adequate dilation of the pupil)\ since

it may be brought about in the entire absence of the circulation, and

since when the sympathetic is stimulated the dilation of the pupil begins

before the contraction of the blood-vessels, and may be over before this

has arrived at its maximum. We are driven to conclude that the dilating

sympathetic fibres do not end in blood-vessels, but are connected either

directly or indirectly with the muscular fibres of the dilator.

^ Cf. Mosso, Sui movimenti idrauUci delV iride. Turin, 1875.



408 MOVEMENTS OF THE PUPIL. [Book iii.

The pupil then seems to be under the dominion of two antago-
nistic mechanisms: one a contracting mechanism, reflex in nature, the

third nerve serving as the efferent, and the optic as the afferent tract;

the other a dilating mechanism, tonic in nature, of vi^hich the cervical

sympathetic is the efferent channel. Hence, when the third or optic

nerve is divided, not only does contraction of the pupil cease to be
manifest, but active dilation occurs, on account of the tonic dilating

influence of the sympathetic being left free to work. When, on the

other hand, the sympathetic is divided, this tonic dilating influence

falls away, and contraction results. When the third or optic nerve
is stimulated, the dilating effect of the sympathetic is overcome,
and contraction results; and when the sympathetic is stimulated, the

contracting influence of the third nerve is overcome, and dilation ensues.

But there are considerations which, shew that the matter is still more
complex than this. A small quantity of atropin introduced into the eye

or into the system causes a dilation of the pupil. This might be attri-

buted to a paralysis of the third nerve, and indeed it is found that after

atropin the falling of light on the retma no longer causes contraction of

the pupil. A difficulty however is introduced by the fact that when the

thu'd nerve is divided, and when thei'efore the contracting effects of stimu-

lation of the retina are placed entirely on one side, and there is nothing to

prevent the sympathetic producing its dilating effects to the utmost, dila-

tion is still further increased by atropin. When calabar bean is introduced

into the eye or system, contraction of the pupil is caused, whether the

third nerve be divided or not ; and when the dose is sufficiently strong

the contraction is so great that it cannot be overcome by stimulation

of the sympathetic. The dilation which is caused by a sufficient dose of

atropin is greater than that which can ordinarily be produced by stimulation

of the sympathetic, and the contraction caused by a sufficient dose of cala-

bar bean is greater than that which is ordinarily produced by stimulation of

the optic nerve. Evidently these drugs act on some local mechanism, the

one in such a way as to cause dilation, the other in such a way as to cause

contraction. Such a local mechanism cannot however lie in the ophthalmic

ganglion, for both drugs produce these effects in a most marked degree

after the ganglion has been excised. We must suppose therefore that the

mechanism is situated in the iris itself or in the choroid, where indeed

ganglionic nerve-cells are abundant. But if we admit the existence of

such a local mechanism, we must further admit that both the sympathetic

and the third nerve act not directly on either the sphincter or dilator

pupillse, but indirectly through means of the local nervous mechanism.
The share of the fifth nerve in the work of the iris seems to be in part

a sensory one ; the iris is sensitive, and the sensory impulses which are

generated in it pass from it along the fibres of the fifth nerve.

Though the ophthalmic ganglion does receive fibres directly from the

cavernous plexus of the sympathetic, the dilating action of the sympathetic

would seem to be carried out not by these fibres but by fibres joining

the ophthalmic branch of the fifth nerve higher up in its course and passing

to the iris apparently by the long ciliary nerves. According to Oehl'

1 Henle and Meissner's Bericht, 1862, p. 506.
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when tliese fibres, wlilcli appear to run along side the oplithalmic branch
rather than actually to become part of the nerve, are destroyed, stimulation

of the sympathetic in the neck prodvices no dilation of the pupil whatever.

Section of the ophthalmic branch itself causes contraction, and stimulation

of the peripheral end dilation of the piipil; and the effects are still seen

after the sympathetic fibres have become degenerated in consequence of the

removal of the superior cervical ganglion. From these facts Oehl infers

that the fifth nerve itself contains dilating fibres, and he believes that these

take their origin from the Gasserian ganglion. Oehl's results, indepen-

dently arrived at by Rosenthal', were conducted on dogs and rabbits.

Guttmann "' came to a similar conclusion as regards frogs ; he found the

dilator fibres of the cervical sympathetic passed through the Gasserian

ganglion and were there reinfoi'ced by fibres taking origin in the ganglion

itself. These dilating fibres of the fifth nerve have however been thought
by some to be vaso-motorial in nature, producing changes in the pupil in

an indirect way by affecting its blood-supply.

When atropin is applied locally so as to affect the pupil of one eye only,

the large amount of light entering through the dilated pupil may cause a

contraction of the pupil of the other eye.

The movements of the pupil may be brought about through reflex

action by sensory impulses other than those arising in the retina or optic

nerve. Holmgren^ finds that in rabbits, after section of the optic nerve,

dilation of the pupil follows upon the hearing a noise, and indeed upon any
sufficiently acute sensation.

,

We have already stated that when we accommodate for near
objects the pupil is contracted; the one movement is 'associated'

with the other, that is to say, the special central nervous mechanism
employed in carrying out the one act is so connected by nervous ties

of some kind or other with that employed in carrying out the other,

that when we set the one mechanism in action we unintentionally set

the other in action also. A similar associated contraction of the pupil

occurs when the eye is directed inward. Conversely, the drugs which
have a special action on the pupil, such as atropin and calabar

bean, also affect the mechanism of accommodation. Atropin paralyses

it, so that the eye remains adjusted for far objects; and calabar bean
throws the eye into a condition of forced accommodation for near
objects. The latter effect may be explained, on the view stated

above, by supposing that the calabar bean throws the ciliary muscle
into a state of tetanic contraction in the same way that it does the

sphincter pupillse.

We can accommodate at will ; but few persons can effect the
necessary change in the eye unless they direct their attention to

some near or far object, as the case may be, and thus assist their will

by visual sensations. By practice, however, the aid of external ob-

jects may be dispensed with ; and it is when this is achieved that

the pupil may seem to be made to dilate or contract at pleasure,

1 See Guttmann, Centralblatt f. Med. Wlss. 1861, p. 598.
^ Op. cit. 3 Loc. cit.
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accommodation being effected without the eye being turned to any
particular object.

Imperfections in the Dioptric Apparatus.

The emmetropic eye may be taken as the normal eye. The my-
opic and hypermetropic eyes may be considered as imperfect eyes,

though the former possesses certain advantages over the normal eye.

An eye might be myopic from too great a convexity of the cornea, or

of the anterior surface of the lens, or from permanent spasm of the

accommodation-mechanism, or from too great a length of the long

axis of the eyeball. According to Donders the last is the usual cause.

Similarly, most hypermetropic eyes possess too short a bulb. The
presbyopic eye is, as we have seen, an eye normally constituted in

which the power of accommodation has been lost or is failing.

Spherical Aberration. In a spherical lens the rays which im-
pinge on the circumference are brought to a focus sooner than those

which pass nearer the centre, and the focus of a luminous point, ceas-

ing to be a point, is spread over a surface. Hence when rays are

allowed to fall on the whole of the lens, the image formed on a screen

placed in the focus of the more central rays is blurred by the diffu-

sion-circles caused by the circumferential rays which have been
brought to a premature focus. In an ordinary optical instrument
spherical aberration is obviated by a diaphragm. Avhich shuts off the
more circumferential rays. In the eye the iris is an adjustable

diaphragm; and when the pupil contracts in near vision the more
divergent rays proceeding from a near object, which tend to fall on
the circumferential parts of the lens, are cut off. As, however, the
refractive power of the lens does not increase regularly and pro-

gressively from the centre to the circumference, but varies most
irregularly, the purpose of the narrowing of the pupil cannot be
simply to obviate spherical aberration ; and indeed the other optical

imperfections of the eye are so great, that such spherical aberrations

as are caused by the lens produce no obvious effect on vision.

Astig'matism, We have hitherto treated the eye as if its dioptric

surfaces were all parts of perfect spherical surfaces. In reality this is

rarely the case, either with tlie lens or with the cornea. Slight de-

viations do not produce any marked effect, but there is one deviation

tolerably common to a certain extent in most eyes, and very largely

developed in some, known as regular astigmatism. This exists when
the dioptric surface is not spherical but more convex along one
meridian than another, more convex, for instance, along the vertical

than along the horizontal meridian. When this is the case the rays

proceeding from a luminous point are not brought to a single focus

at a point, but possess two linear foci, one nearer than the normal
focus and corresponding to the more convex surface, the other farther

than the normal and corresponding to the less convex surface. If
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the vertical meridians of the surface be more convex than the hori-

zontal, then the nearer linear focus will be horizontal and the farther

linear focus will be vertical, and vice versa. (This can be shewn
much more effectually on a model than in a diagram, in which we
are limited to two dimensions.) Now, in order to see a vertical line

distinctly, it is much more important that the rays which diverge

from the line in the series of horizontal planes should be brought to

a focus properly than those which diverge in the vertical plane of the

line itself; and similarly, in order to see a horizontal line distinctly

it is much more important that the rays which diverge from the line

in the series of vertical planes should be brought to a focus properly

than those which divei-ge in the horizontal plane of the line itself.

Hence a horizontal line held before an astigmatic dioptric surface,

most convex in the vertical meridians, will give rise to the image
of a horizontal line at the nearer focus, the vertical rays diverging

from the line being here brought to a linear horizontal focus. Simi-

larly, a vertical line held before the same surface will give rise to an
image of a vertical line at the farther focus, the horizontal rays

diverffincj from the vertical line beinsf here brous^ht to a linear vertical

focus. In other words, with a dioptric surface most convex in the

vertical meridians, horizontal lines are brought to a focus sooner than

are vertical lines.

Most eyes are thus more or less astigmatic, and generally with a

greater convexity along the vertical meridians. If a set of horizontal

or vertical lines be looked at, or if the near point of accommodation
be determined by Scheiner's experiment (p. 400), for the needle

placed first horizontally and then vertically, the horizontal lines or

needle will be distinctly visible at a shorter distance from the eye

than the vertical lines or needle. Similarly, the vertical line must be
farther from the eye than a horizontal one, if both are to be seen

distinctly at the same time. The cause of astigmatism is, in the

great majority of cases, the unequal curvature of the cornea; bul^

sometimes the fault lies in the lens, as was the case with Young.

When the curvature of the cornea or lens differs not in two meridians

only but in several, irregular astigmatism is the I'esult. A certain amount
of irregular astigmatism exists in most lenses, thus causing the image of a

bright point, such as a star, to be not a circle but a radiate figure.

Chromatic Aberration. The different rays of the spectrum are

of different refrangibility, those towards the violet end of the spec-

trum being brought to a focus sooner than those near the red end.

This in optical instruments is obviated by using compound lenses

made up of various kinds of glass. In the eye we have no evidence

that the lens is so constituted as to correct this fault ; still the total

dispersive power of the instrument is so small, that such amount
of chromatic aberration as does exist attracts little notice. Never-
theless some slight aberration may be detected by careful observation.

When the spectrum is observed at some distance the violet end will
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not be seen in focus at the same time as the red. If a luminous

point be looked at through a narrow orifice covered by a piece of

violet glass, which while shutting out the yellow and green allows

the red and blue rays to pass throvigh, there will be seen alternately

an image having a blue centre with a red fringe, or a red centre with

a blue fringe, according as the image of the point looked at is thrown
on one side or other of the true focus. Thus supposing/ (Fig. 4.5)

V ,/

Fig. 4S. Diagram illustrating Chromatic Aberration.

lili is the dioptric surface, liv represents the blue, and lir the red rays ; F is the focal

plane of the blue, R of the red rays.

to be the plane of the mean focus of A, the violet rays will be
brought to a focus in the plane V, and the red rays in the plane R;
if the rays be supposed to fall on the retina between Y and f, the

diverging or blue rays will form a centre surrounded by the still

converging red rays ; whereas if the rays fall on the retina between /
and R, the converging red rays will form a centre with the still

diverging blue rays forming a fringe round them ; when the object

is in focus at/, the two kinds of rays will be mixed together.

Entoptic Phenomena. The various media of the eye are not

uniformly transparent ; the rays of light in passing through them
undergo local absorption and refraction, and thus various shadows are

thrown on the retina, of which we become conscious as imperfections

in the field of vision, especially when the eye is directed to a uniformly

illuminated surface. These are spoken of as entoptic phenomena, and
are very varied, many forms having been described.

The most common are those caused by the presence of floating

bodies in the vitreous humour, the so-called muscce volitantes. These
are readily seen when the eye is turned towards a uniform surface,

and are frequently very troublesome in looking through a microscope.

They assume the form of rows and groups of beads, of single beads,

of streaks, patches and granules, and may be recognised by their

almost continual movement, especially when the head or eye is moved
up and down. When an attempt is made to fix the vision upon
them, they immediately float away. Tears on the cornea, temporary

unevenness on the anterior surface of the cornea after the eyelid has

been pressed on it, and imperfections in the lens or its capsule, also

give rise to visual images. Not unfrequently a radiate figure cor-

responding to the arrangement of the fibres of the lens makes its

appearance.
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Imperfections in the margin of the pupil appear in the shadow of the

iris which bounds the field of vision; and the movements of the iris in one

eye may be rendered visible by alternately closing and opening the other;

the field of the first may be observed to contract when light enters, and to

expand when the light is shut off from the second. The media of the eye

are fluorescent; a condition which favours the perception of the ultra-

violet rays. If a white sheet or white cloud be looked at in daylight

through a Nicol's prism, a somewhat bright double cone or double tuft,

with the apices touching, of a faint blue colour, is seen in the centre of the

field of vision, crossed by a similar double cone of a somewhat yellow-

darker colour. These are spoken of as Haidinger's brushes; they rotate

as the prism is rotated, and ai*e supposed to be due to the unequal absorp-

tion of the polarized light in the yellow spot. The prism must be frequently

rotated, as when the prism remains at rest the phenomena fade. Lastly,

according to Helmholtz, the optical arrangements have a further imper-

fection in that the dioptric surfaces are not truly centred on the optic

axis.

Sec. 2. Visual Sensations.

Light falling on the retina gives rise to sensory impulses, whicb
passing up the optic nerve through certain parts of the brain, and
becoming, as we have reason to believe, modified in various cerebral

structures, finally affect our consciousness, and call forth sensations.

In a sensation we ought to be able to distinguish between the events

through which the impact of the rays of light on the retina is enabled

to generate sensory impulses, and the events, or rather series of

events, through which these sensory impulses (for, judging by the

analogy of motor nerves, we have no reason to think that they under-

go any fundamental changes in passing along the optic nerve), by the

agency of the cerebral arrangements, are converted into a sensa-

tion. Such an analysis, however, is at present at least, in most
particulars, quite beyond our power ; and we must therefore treat of

the sensations as a whole, distinguishing between the peripheral and
central phenomena, on the rare occasions when we are able to do so.

Holmgren^ and Dewar and McKendrick^ have she-svn that the natural

electric currents of the optic nerve, viz. those witnessed when the elec-

trodes are placed on the retina and on points of the longitudinal surface

of the optic nerve respectively, iiudergo a change, sometimes negative

but sometimes positive, or according to the latter observers, always positive

Avhen light falls on the retina. Stimulation of the retina by light therefore

produces in the optic nerve, as does ordinary stimulation in a motor

nerve, a change in the natural nerve-currents. This is almost the only

objective information we possess concerning the production of optical

sensory impulses. Dewar and McKendrick have further shewn that

the amount of change in the electrical current varies with the strength

of the stimulus, obeying approximately, but not precisely, a law which

1 Centrht. Med. Wiss. 1871, 423, 438.
2 Trans. Roy. Soc. Edin. 1873.
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regulates the relations of not only optical but all sensations to the stimulns

which produces them, and which we shall presently speak of as Fechner's

law.

Visual Purple. The recent discovery that the outer layer of the

retina (outer limbs of the rods) is normally coloured with a purple

colour, which is bleached or destroyed by exposure to light and re-

stored by rest in the dark, seemed at first destined to prove a mo-
mentous step in advance as regards our knowledge of the origination

of visual impulses. Especially did this seem to be the case when the

visual purple was found to be so sensitive that an image could be
fixed on the retina after the fashion of a photograph. The subse-

quent discovery that the colour (which is almost if not exclusively

confined to the rods and absent from the cones) does not in man
exist in the fovea centralis, where vision is most distinct, and that

some animals, at all events (frogs), can see very well indeed in the

total absence of their visual purple, shews how much further know-,
ledge is required before any definite statement can be made con-

cerning the function of this colouring matter.

As long ago as 1839 Krohn called attention to the rose colour of the

retinas of cephalopods; but though his observations were confirmed by
Max Schultze and others, and though some yeai-s afterwards H. Miiller, and
Leydig and Max Schultze, found a similar colouration in the retinas of

frogs and other vertebrates, the matter did not attract any great interest

until Boll^ discovered that this colour was susceptible to light, being

bleached when the eye was exposed to light but returning again when the

eye was kept in the dark. He found that when the eye of a frog which
had been kept for some time in the dark was rapidly opened, the outer

limbs of the rods of the retina presented a very beautiful purple, or (as he
afterwards preferred to call it) red colour, which after a few seconds' ex-

posure to light changed into a yellow and finally disappeared, leaving the

rods colourless. Scattered among these red or pui'ple rods were a number
of bright green rods, the colour of which also faded on exposure to light.

If the frog had previously been exposed for some time to a bright light,

the retina^ even with the most rapid manipulation, was found to be
colourless. And by examining at intervals the eyes of a series of frogs

which after being kept in the dark had been exposed to light for variable

periods, and conversely of frogs which, after an exposure to bright light,

had been kept in the dark for variable periods, Boll was enabled to satisfy

himself that, in the living eye at all events, the colour of the rods was
destroyed by exposure to light and restored by rest in the dark. Using
under similar circumstances monochromatic instead of white light, he came
to the conclusion that under exposure to green light the retina became
first pur-ple then violet, and finally colourless; under blue and violet light,

it first suffered a change to violet and finally lost all colour ; while under
red light it became a deeper red, under yellow light a brighter red, and
when exposed to the ultra-violet rays underwent very little change. He
found this visual purple or visual i-ed in the outer limbs of the rods not

^ Berlin. Sitzunpsherichtp, 1876, Sitzimg. Nov. 12, 1877, Sltzung. Jan. 11. Du
Bois-Eeymond's Archiv, 1877, p. 4,
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only of the frog^ but of all other vertebrates, including mammalia, whose
retinas contain sufficiently conspicuous rods. He concluded that the colour

must be lai-gely concerned in the act of vision.

Kiihne ' taking up and largely extending Boll's discovery has been led

to the following results

:

The colour of the rods is due to the presence of a distinct pigment,

the visual purple, which may be extracted from the substance of the rods

by dissolving these in an aqueous solution of bile salts. A clear purple

solution is thus obtained, which is capable of being bleached by the action

of light, and in its general features and behaviour is similar to the pigment
as it naturally exists in the retina.

Visual purple is found exclusively in the otiter limbs of tlie rods; it

has never yet been found in the cones, and it is accordingly absent from

the retinas of animals (such as those of snakes) which are composed of

cones only, and from the macula lutea and fovea centralis of the retinas of

man and the ape. The intensity of the colouration varies in different

animals, and the retinas even of some animals possessing rods (bat, dove,

hen) seem to be wholly devoid of the visual purple ; it is generally well

marked in retinas in vt^hieh the outer limbs of the rods are well developed.

Its absence or presence is not dependent on nocturnal habits, since the

intense colour of the retina of the owl is in strong contrast to the

absence of colour in the bat. It has been found in the retina of a

sheep's embryo. As a general rule the amount of pigment present may
be said to be in inverse ratio to the development of coloured 'globules' or

'lenses' in the rods and cones; but it would be premature to insist on
any exact relation.

The visual purple is bleached not only by white but also by mono-
chromatic light; the change however in the latter is slower than in the

former. Of the various prismatic rays the most active are the greenish

yellow rays, those to the blue side of these coming next, the least active

being the red. Now it is precisely the gi-eenish yellow rays which
are most readily absorbed by the colour itself. A natural coloured retina

or a solution of visual pui-ple gives a diffuse spectrum without any defined

absorption bands, and according to the amount of colouring material

through which the light passes, absorption is seen either to be limited to

the greeiiish yellow part of the spectrum or to spread thence towards the

blue and to a much less extent towards the red. Thus the various pris-

matic rays produce a photochemical effect on the visual purple in pi'oportion

as they are absorbed by it. Under the action of light the visual purple,

whether in solution, or in its natural condition in the rods, passes through

what Kuhne calls a chamois colour (i.e. the purplish orange seen on the

chamois) to a yellow, and finally becomes colourless; and Kuhne believes

that he is justified in speaking of a visual yellow and visual white as

products of the photochemical changes undergone by the visual purple.

Eor the restoration of the visual purple, after it has been destroyed by

light, the maintenance of the circulation of the blood through the tissues

of the eye is not essential. The choroidal epithelium has by itself, provided

that it still retains its tissue life, the power of regenerating the purple.

1 Zur PJwtochemie der Netzhaut. Ueher den Sehpurpur, Verliandl. d. Naturhistorisch-

med. Vereins in Heidelberg, Bd. i. 1877. Sehe7i ohne Purpur. Uvtersuch. Physiol.

Imiit. Heidelberg, Bd. i. 1877. Ewald and Kuhne, Ueber den Sehptirpur, ibid.
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If a portion of tlie retina of an excised eye be raised from its epithelial bed,

bleached, and then carefully restored to its natural position, the purple will

return if the eye be kept in the dark. The choroidal epithelium may in

fact be spoken of as a 'purpurogenous' membrane.

If an excised eye, a portion of the retina of which has been bleached by
light, be treated with a 4 p. c. solution of potash alum before the choroidal

epithelium has had time to obliterate the bleaching effects, the retina may
I'emain permanently in that condition, the photochemical effect may, as the

jihotographers say, be fixed. In this way Kiihne succeeded in obtaining

promising 'optograms'.

The above facts leave no room for doubt that the visual purple is

in some way concerned in vision, but it is impossible at present to say

what is its exact function. Its conspicuous absence from the cones, and
especially its absence from the fovea centralis of anan, shew that vision,

indeed the best and most exact vision, may take place without it; and
Kiihne has satisfied himself that frogs whose retinas have been wholly and
thoroughly bleached by exposure to light can see perfectly well. It is very

tempting to connect the purj)le in some way with colour vision, but we
know that our colour vision is most exact in the fovea centralis, and the

frogs just spoken of seemed to be as susceptible to colour as normal frogs.

Simple Sensations.

Eelations of the Sensation to the Stimulus. If we put aside

for the present all questions of colour, we may say that light, viewed
as a stimulus affecting the retina, varies in intensity, that is, in the

energy of the luminous vibrations as manifested by their amplitude,

and in duration, that is, in the length of time the waves continue to

fall upon the retina. The effect of the light will also depend on the
extent of retinal surface exposed to the luminous vibrations at the
same time. Taking a luminous point, in order to eliminate the latter

circumstance, we may make the following statements.

The sensation has a duration much greater than that of the
stimulus, and in this respect is comparable to a muscular contraction

caused by such a stimulus as a single induction shock. The sensa-

tion of a flash of light lasts for a much longer time than that during
which luminous vibrations are falling on the retina. Hence when
two stimuli, such as two flashes of light, follow each other at a suffi-

ciently short interval, the two sensations are fused into one; and
a luminous point moving rapidly round in a circle gives rise to the
sensation of a continuous circle of light. This again is quite com-
parable to muscular tetanus. The interval at which fusion takes
place, that is the interval between successive stimuli which must be
exceeded in order that successive distinct sensations may be pro-
duced, varies according to the intensity of the light, being shorter

with the stronger light ; with a faint light it is about xV^^c., with a
strong light J^ or Jjj sec. This may be shewn by rotating rapidly

before the eye a disc arranged with alternate black and white sectors

of equal width. With a faint illumination, the flickering indicative
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of the successive sensations from the white sectors not being com-
pletely fused, ceases when the rotation becomes so rapid that each
pair of black and white sectors takes only -^ sec. in passing before

the eye. When a brighter illumination is used the rapidity must
be increased before the flickering disappears. That part of the
sensation which is recognized as lasting after the cessation of the
stimulus is frequently spoken of as the ' after-image.'

Though the sensation is longer with the stronger light (that from
looking at the sun lasting for some time) the commencement of the

decline begins relatively earlier, hence the greater difficulty in the complete

fusion of successive sensations with the brighter light. The interval at

which fusion takes place differs with different colours, being shortest with
yellow, intermediate with red, and longest with blue.

The duration of a stimulus necessary to call forth a sensation is

exceedingly short, that is to say, the number of vibrations which must
fall on the retina in order to affect consciousness may be exceedingly

small. Thus the shortest possible flash, such as that of an electric

spark, gives rise to a sensation of light.

Objects in motion when illuminated by a single electric spark appear

motioidess, the stimulus of the light reflected from them ceasing before

they can make an appreciable change in their position. When a moving
body is illuminated by several i-apid flashes in succession, several distinct

images corresponding to the positions of the body during the several flashes

are generated; the images of the body corresponding to the several flashes

fall on different parts of the retina.

The intensity of the sensation varies with the luminous in-

tensity of the object ; a wax candle appears brighter than a rushlight.

The ratio, however, of the sensation to the stimulus is not a simple

one. If the luminosity of an object be gradually increased from a
very feeble stage to a very bright one, it will be found that the cor-

responding sensations, though they likewise gradual^ increase, in-

crease less and less slowly than the luminosity ; and at last an increase

of the luminosity produces no appreciable increase of sensation. A
light when it reaches a certain brightness, appears so bright that we
cannot tell when it becomes any brighter. Hence it is much easier

to distinguish a slight difference of brightness between two feeble

lights than the same difference between two bright lights ; we can
easily tell the difference between a rushlight and a wax candle ; but
two suns, one of which differed from the other merely by just the
number of luminous rays which a wax candle emits in addition to

those sent forth by a rushlight, would appear to us to have exactly

the same brightness. In a darkened room an object placed before

a candle will throw what we consider a deep shadow on a sheet of

paper, or any white surface. If, however, the sunlight be allowed

to fall on the paper at the same time from the opposite side, the

shadow is no longer visible. The difference between the total light

reflected from that part of the paper where the shadow was, and

F. P. 27
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which is illuminated by tlie sun alone, and that reflected from the

rest of the paper which is illuminated by the candle as well as by the

sun, remains the same
;
yet we can no longer appreciate that dif-

ference.

On tlie other hand, if we throw two shadows on a white surface

with two rushlights and move one rushlight away until the shadow

caused by it ceases to be visible; and, having noted the distance to which

it had to be moved, repeat the same experiment with two wax candles;

we shall find that the wax candle has to be moved just as far as the

rushhght. In fact, it is found by careful observation, that within

tolerably wide limits, the smallest difference of visual sensation which we
can appreciate is a constant fraction (about ji^-th) of the total luminosity

of the light employed. The same law holds good with regard to the

other senses as well. The smallest difference in length we can detect

between two lines, one an mch long and the other a little less than an
inch, is the same fraction of an inch, that the smallest difference in length

we can detect between a line a foot long and one a little less than a foot,

is of a foot. Put in a more general form then, the law, which is often

called Weber's law, is as follows : When a stimulus is continually increased,

the smallest increase of sensation which we can appreciate remains the same
if the proportion of the increase of stimulus to the whole stimulus remains

the same; that is to say, the one varies directly as the other. Fechner, re-

garding sensation as the summation of a series of increments of sensation

corresponding to increments of stimulus, and making use of the mathe-

matical operation of integration, transformed the above statement into the

expression that "sensation varies, not as the stimulus, but as the

logarithm of the stimulus." This expression is frequently spoken of

as Fechner's formula, or Fechner's law. It must be remembered, however,

that Weber's law, on which Fechner's formula is based, is true within

certain limits only. The latter indeed must be considered rather as a

useful and convenient than as an exact expression'.

Distinction and Fusion of Sensations. When light falls on a

large portion of the retina the total sensation produced is greater in

amount than when a small portion only of the retina is affected

;

a large piece of white paper produces a greater total effect on our

At
1 Weber's law may be stated mathematically as A.S= Jif — , where AS is the smallest

appreciable increment of sensation caused by Aar, the corresponding increment of the

fitimulus X, and K is a constant.

If this be integrated we get

S-Klogx + c.

If X be diminished there will be a certain value of x at which all sensation ceases

;

if this be x', then

0=K log x' + c,

or c= -Klogx',

whence S= A' log a; -K log x'.

S=K log-,

which is Fechner's more complete formula.
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consciousness than a small one, though, if the surfaces be uniformly
and equally illuminated, the intensity of the sensation is in each case
the same ; the small piece of paper appears as bright or as 'white' as
the large one. If the images of two luminous objects fall on the
retina at sufficient distances apart, the consequent sensations are
distinct, and the intensity of each sensation will depend solely upon
the luminosity of the corresponding object. If however the two
objects are made to approach each other, a point will be reached at

which the two sensations are fused into one. When this occurs the
intensity of the total sensation produced will be greater than that
of either of the sensations caused by the single objects. A number
of luminous points scattered over a wide surface would appear each
to have a certain brightness ; each would give rise to a sensation of
a certain intensity. If they were all gathered into one spot, that
spot would appear far brighter than any of the previous points ; the
intensity of the sensation would be greater. We may therefore sup-
pose the retina to be divided into areas corresponding to sensational

units. If the images from two luminous objects fall on separate
visual areas, if we may so call them, two distinct sensations will be
produced ; if, on the contrary, they both fall on the same visual area,

one sensation only will be produced. Where the sensations are
separate, the intensity of the one (with exceptions hereafter to be
mentioned) is not affected by the presence of the other ; but where
they become fused the intensity of the united sensations is greater
than either of, though not equal to the sum of, the single sensations.

The existence of these sensational units is the basis of distinct vision.

When we speak of the smallest size visible or distinguishable, we
are referring to the dimensions of the retinal areas corresponding

to these sensational units. The retinal area must be carefully dis-

tinguished from the sensational unit, for the sensation is, as we
have seen, a process whose arena stretches from the retina to certain

parts of the brain, and the circumscription of the sensational unit,

though it must begin as a retinal area, must also be continued as a
cerebral area in the brain, the latter corresponding to, and being as

it were the projection of, the former. With most people two stars

appear as a single star when the distance between them subtends
an angle of less than 60 seconds ; and Weber found that the best

eyes failed to distinguish two parallel white streaks whose median
lines were at a distance less than that subtending an angle of 73
seconds. Hirschmann^ could distinguish objects 50 seconds distant

from each other. An angle of 73 seconds in an object corresponds

in the diagrammatic eye (see p. 398) to the length of 5*26
ij? in the

retinal image, and one of 50 seconds to 3"65 jju.

Max Schultze^ counted 50 cones along a line of 200 /n in length

drawn through the centre of the yellow spot ; this would give 4 //, for

^ Quoted by Helmholtz, Plmjs. OpWk. p. 841.
2 By /* is meant one-thousandth of a millimetre.
3 Strieker, Handbuch, p. 1023.

27—2
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the distance between the centres of two adjoining cones in the yellow

spot, the average diameter of a cone at its widest part being Sfi and

there being slight intervals between neighbouring cones. Hence if

we take the centre of a cone as the centre of an anatomical retinal

area, these anatomical areas correspond very fairly to the physio-

loo-ical visual areas as determined above.

That is to say, if two points of the retinal image are less than 4yu.

apart, they may both lie within the area of a single cone ; and it is just

when they are less than about 4/x apart that they cease to give rise to two

distinct sensations. It must be remembered, however, that the fusion or

distinction of the sensations is ultimately determined by the brain and not

by the retuia. Two points of the retinal image less than 4 fju apart might

lie both within the area of a single cone ; but the reason why, under such

cu'cumstances, they give rise to one sensation only is not because one cone-

fibre only is stimulated. Two points of a retinal image might lie, one on the

area of one cone and another on the area of an adjoining cone, and still be

less than 4 jx apart ; in such a case two cone-fibres would be stimulated, and

yet only one sensation would be produced. So also in the less sensitive

peripheral parts of the retina two points of the retinal image might stimu-

late two cones a considerable distance apart, and yet give rise to one sensa-

tion only.

In the case where the two points lie entirely within the area of a single

cone, it is exceedingly probable that, even if the adjacent cones or cone-fibres

in the retina are not at the same time stimulated, impulses radiate from the

cerebral ending of the excited cone into the neighbouring cerebral endings

of the neighbouring cones; in other words, the sensation-area in the brain

•does not exactly correspond to and is not sharply defined like the retinal

area, but gradually fades away into neighbouring sensation-areas. We may
imagine two points of the retinal image so far apart that even the extreme

•margins of their respective cerebral sensation-areas do not touch each other

•in the least ; in such a case there can be no doubt about the two points

giving rise to two sensations. We might, however, imagine a second case

where two points were just so far apart that their respective sensation-

areas should coalesce at their margins, and yet that in passing from the

centre of one sensation-area to the centre of the other, we should find on

examination a considerable fall of sensation at the junction of the two areas
;

and in a third case we might imagine the two centres to be so close to each

other that in passing from one to the other no appreciable diminution of

sensation could be discovered. In the last case there would be but one

sensation, in the second there might still be two sensations if the marginal

fall were great enough, even thoiigh the areas partially coalesced. Thus,

though the mosaic of I'ods and cones is the basis of distinct vision, the dis-

tinction or fusion of two visual impulses is ultimately determined by the

disposition and condition of the cerebral centres. Hence the possibility of

increasing by exercise the faculty of distinguishing two sensations. This

however is even more strikingly shewn in touch than in sight.

Colour Sensations.

Vfhen we allow sunlight reflected from a cloud or sheet of

paper to fall into the eye,, we have a sensation which we call a
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sensation of white light. When we look at the same light through
a prism, and allow different parts of the spectrum to fall in suc-

cession into the eye, we have sensations which we call respectively

sensations of red, yellow, green and blue light. In other words, rays

of light falling on the retina give rise to different sensations, accord-

ing to the wave-lengths of the rays. Though we speak of the spec-

trum as consisting of, a few colours—red, green, &c., there are an
almost infinite number of intermediate tints in the spectrum itself;

and we perceive in external nature a large number of colours, such as

purple, brown, grey, &c., which do not correspond to any of the

colour sensations gained by regarding the successive parts of the spec-

trum. We find however, on examination, that many apparently

distinct colour sensations may be obtained by the fusion of two or

more other colour sensations. Thus purple, which is not present in

the spectrum, may be at once produced by fusing the sensations of

blue and red in proper proportions ; and the various tints and shades

of nature may be imitated by fusing a particular colour sensation

with the sensation of white, or by allowing a certain quantity of

light of a particular colour to fall sparsely over the area of the retina,

which is at the same time protected from the access of any other

light, i.e. as we say, by mixing the colour with black. Thus the

browns of nature result from various admixtures of yellow, red, white
and black ; and a small quantity of white light, scattered over a large

area of the retina, i. e. white largely mixed with black, forms a grey.'

In fact, the qualities of a colour depend (1) on the nature of the pris-

matic colour or colours falling on a given area of the retina, i. e. on
the wave-lengths of the constituent rays

; (2) on the amount of this

coloured light which falls on the area of the retina in a given time
;

and (3) on the amount of white light falling on the same area at the

same time. When rays corresponding to a prismatic colour fall upon
the retina unaccompanied by any white light, the colour is said to be
' saturated

'
; and a colour is spoken of as more or less saturated ac-

cording as it is mixed with less or more white light. We are guided
by the first of the above conditions when we describe a colour as being
of such a tint or hue. But we have no common phrases by which we
distinguish the second of the above conditions from the third. The
word 'pale,' it is true, is most frequently used to express a colour

very slightly saturated; but the words 'rich' or 'deep' are used
sometimes as meaning highly saturated, sometimes as meaning simply
that a large quantity of light of the particular hue is passing into

the eye. So also with the phrase 'bright' ; this we often use when a

large amount of coloured and white light fall at the same time on
the same retinal area, but we sometimes also use it to express the

mere intensity of the sensation independent of the amount of satu-

ration.

The best method of fusing colour sensations is that adopted by Maxwell,

of allowing two different parts of the spectrum to fall on the same part^
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of tlie retina at the same time. The use of tlie pure prismatic colours

eliminates errors which arise when pigments, the colours of which are not

pure, but mixed, are employed. And where pigments are used it is the

sensations which must be mixed and not the pigments themselves. Thus
while the sensations of yellow and indigo when fused give rise to a sensa-

tion of white, yellow and indigo pigments when mixed appear green on

account of their reciprocally absorbing part of each other's colour ; the indigo

particles absorb the red of the yellow, and the yellow particles absorb the

blue of the indigo, so that only green is left for both to reflect. When pure

pigments, i. e. pigments corresponding as closely as possible to the prismatic

colours, are used, satisfactory results may be gamed, either by using the

reflection of the image of one pigment so that it falls on the retina at

the same spot as the direct image of the other, or by allowing the image

of one pigment to fall on the retina before the sensation produced by

the other has passed away. The first result is easily reached by Helmholtz's

simple method of placing two pieces of coloured paper a little distance

apart on a table, one on each side of a glass plate inclined at an angle.

By looking down with one eye on the glass plate the reflected image of

the one paper may be made to coincide with the direct image of the other,

the angle which the glass plate makes with the table being adjusted to the

distance between the pieces of paper. In the second method, the ' colour

top ' is used ; sectors of the colours to be investigated are placed on a

disc made to rotate very rapidly, and the image of one colour is thus

brought to bear on the retina so soon after the image of another, that the

two sensations are fused into one.

When the sensations corresponding to the several prismatic

colours are fused together in various combinations, the following

remarkable results are brought about.

1. When red and yellow in certain proportions are mixed to-

gether the result is a sensation of orange, quite indistinguishable

from the orange of the spectrum itself. Now the latter is produced

by rays of certain wave-length, whereas the rays of red and of yellow

are respectively of quite a different wave-length. The orange of the

spectrum cannot be made up by any mixture of the red and the

yellow of the spectrum in the sense that the red and yellow rays can

unite together to form rays of the same wave-length as the orange

rays ; the three things are absolutely different. It is simply the

mixed sensation of the red and yellow which is so like the sensation

of orange ; the mixture is entirely and absolutely a physiological

one. And since wq must suppose that rays of different wave-length

give rise to different sensory impulses, and that the sensory im-

pulses generated by orange rays are different from those generated

by red and by yellow rays, we are led to infer either that the sensory

impulses which rays of a given wave-length originate are themselves

of a mixed character, or that the mixture takes place at the time

when the sensory impulses are becoming converted into sensations.

The first of these views is the one generally adopted.

2. When certain colours are mixed together in pairs in certain

definite proportions, the result is white. These colours are
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Eed (iLear a)\ and Blue-Green (near F),

Orange (near C), and Blue (between F and G),

Yellow fnear D), and Indigo-Blue (near G),

Green-Yellow (near E), and Violet (between G and H),

and are said to be ' complementary' to each other. To these might
be added the peculiar non-prismatic colour purple, which with green
also gives white.

3. If we select arbitrarily any three distinct colours, ^. e. any
three parts of the spectrum sufficiently far apart, say red, green, and
blue, we can, by a proper adjustment of the proportions of each,

produce white. Further, by a proper addition of white, these three

colours can be taken in such proportions as to produce the sensations

of all other colours. That is to say, given three standard sensations,

all the other sensations may be gained by the proper mixture of

these.

If we suppose that the visual apparatus is so constructed that we
possess three standard sensations, and that rays of different wave-length
produce all three of these sensations to a different extent accord-

ing to their wave-length, we can easily regard the whole of our sensa-

tions of colour as compounds of three ' primary colour sensations.'

We might thus represent our colour sensations by such a diagram as

that given in Fig. 46, where one primary sensation is seen to be pro-

FiG. 46. Diagram of Three Primary Colour Sensations.

1 is the so-called * red,' 2 * green,' and 3 ' violet ' primary colour sensation. i?,0, Y, &c.
represent the red, orange, yellow, &c., colour of the spectrum, and tlie diagram
shews, by the height of the curve in each case, to what extent the several primary
colour sensations are respectively excited by vibrations of different wave-lengths.

duced in greatest intensity by the rays at the red end of the spec-

trum, the second by those near the middle, and the third by those at

the violet end of the spectrum. Under this view orange rays are

those which produce much of the first sensation, less of the second,

and hardly any of the third ; whereas blue rays produce much of the

third, less of the second, and hardly any of the first ; and so on.

^ These letters refer to Frauenhofer's lines.
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This tlieoiy of three primary colour sensations we owe to Young ; but

since its general acceptance has been largely due to the labours of Helm-
holtz, it is frequently spoken of as the Young-Helmholtz theory. Young's

view took the form of the hypothesis that there were present in the retina

three sets of fibres, each set corresponding to a primary colour sensation,

and being sensitive in a different degree to the various rays of light.

In the retina itself no such distinction of fibres can be found. We are

entirely in the dark concerning the anatomical basis not only of colour

sensations but also of vision as a whole. We have reason to think, as we
shall jDresently shew, that visual impulses are started in that part of the

retina which lies beyond the retinal blood-vessels ; but in the generation of

those impulses we can assign no exact functions to rods or cones, to rod

fibres or cone fibres, or to the various bodies constituting the external

nuclear layer. The view that the cones rather than the rods of the retina

are concerned in colour vision cannot be regarded as established. The
argument that cones are absent from the retinas of nocturnal animals, re-

mains invalid until it has been proved that these animals are colour-blind

;

and the argument that in the fovea centralis cones only exist, may be used

eqvially well to prove that the rods are of no use in vision at all. In the

eyes of Birds, Reptiles and Amphibia, coloured globules (I'ed or yellow) are

found in the cones at the junction of the inner and outer limbs. It has

been suggested that these are connected with colour vision, the cones with

red globules, for instance, allowing red light only to pass through the inner

limb and impinge on the outer limb, so that these cones v/ould serve as

organs for seeing red. But this is very doubtful.

The Young-Helmholtz theory has not been accepted by all inquirers.

Its most serious opj)onent at the present time is Hering\ who, following

Aubert^, and indeed Leonardo Da Vinci, maintains that the primary

visual sensations are white, black, red, yellow, gi-een, and blue. He con-

siders that these several sensations arise as the results of changes in what
may be called the visual substance of the visual nervous apj^aratus, those

changes which give rise to black, green, and blue being essentially pro-

cesses of assimilation or construction of the visual substance, while those

which give rise to white, red, and yellow are processes of dissimilation, or

destruction of the visual substance. Black and white, green and red, blue

and yellow, form accordingly antagonistic rather than complementary pairs,

and the visual organ is conceived of as never existing during life, in a state

of complete rest. A satisfactory discussion of the relative merits of this

and of the generally accepted view, would lead us beyond the proper limits

of this work, but Hering uses his view with great ability to explain the

obscure jAenomena of ' contrasts ' (see p. 433) and ' negative images

'

(p. 426).

Admitting, however, tliat the hypothesis of three primary colour

sensations explains many of the phenomena of colour vision, there

still remains the question, ' What are the three primary colour sen-

sations V We have spoken of any three arbitrarily selected colour

sensations producing by manipulation all the other colour sensations

;

but, of what kind are the three sensations which may be considered

^ Zur Lehre vom Lichtsinne. Wien, Sitzungshericht. lxvi. (1872) lxviii. lxix. lxx.

2 riiysiologie der Netzhaut. 1865,
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as the actual primary sensations ? We cannot enter here into the

discussion of this question ; and may simply state that the most

generally accepted view is, that the three primary sensations corre-

spond to what we call red, green, and violet; and in the diagram,

Fig. 46, the upper figure represents this primary red sensation, the

middle figure green, and the lower violet.

Colour Eliudness. All persons vary much in their power of dis-

criminating and appreciating colour, i.e. in the intensity and accuracy

of their colour sensations ; but some people regard as similar, colours

which to most people are glaringly distinct, and these persons are

said to be ' colour blind.' The most common form of colour blindness

is that of persons unable to distinguish green and red from each other.

As in the case of Dalton, they tell a red gown lying on a green grass

plot, or a red cherry among the green leaves, by its form, and not

by its colour. They confound not only red, brown, and green, but

also rose, purple, and blue. They cannot see the red end of the

spectrum, all this part appearing to them dark. Their vision is best

explained by supposing that they lack altogether the primary sensa-

tion of red.

Hence they probably see in the spectrum only two colours, blue and
green, with various tints ; our red, orange, yellow and green appearing

green, and all the rest blue, green-blue being to them a kind of grey. Since

the sensation of green seems to be absolutely most intense in that part of

the spectrum which we call yellow, though of course relatively to the other

two primaiy sensations most intense in the green, our yellow probably

corresponds in them to the sensation of a bright deep green. All the

colours they see can, in fact, be produced by mixtures of yellow and blue.

Cases in which the other primary sensations may be supposed to be

absent, i.e. green blindness and violet blindness, are much more rare, and
have not as yet been examined with sufficient completeness.

Influence of the ^^{^mewi of the yellov} si^ot. In the macula lutea,

which part of the retina we use chiefly for vision, images falling on other

parts of the retina being said to give rise to ' indirect vision,' the yellow

pigment absorbs some of the greenish-blue rays. Hence all that which we
are in the habit of calling white is in reality more or less yellow. We may
use this feature of the yellow spot for the purpose of making the spot, so

to speak, visible to ourselves, by an experiment suggested by Maxwell. A
solution of chrome alum, which only transmits red and greenish-blue rays,

is held up between the eye and a white cloud. The greenish-blue rays are

absorbed by the yellow spot, and here the light gives rise to a sensation of

red ; whereas in the rest of the field of vision, the sensation is that ordi-

narily produced by the purplish solution. The yellow spot is consequently

marked out as a rosy patch. This very soon however dies away.

In speaking of sensation as a function of the stimulus, p. 417, we
referred to white light only; but the different colours are unequal in the

relations borne by the intensity of the stimulus to the amount of sensation

produced. Thus the more refrangible blue rays produce a sensation more
readily than the yellow or red rays. Hence in dim lights, as those of



426 COLOUR SENSATIONS. [Book iii.

evening and moonlight, the blues preponderate, and the reds and yellows

are less obvious. So also when a landscape is viewed through a yellow glass,

the yellow hue suggests to the mind bright svmlight and summer weather,

although the actual illumination which reaches the eye is diminished by
the glass. Conversely when the same landscape is viewed through a blue

glass the idea of moonlight or winter is suggested.

The theory of primary colour sensations may be used to explain why
any coloured light, if made sufficiently intense, appears white. Thus a

violet light of moderate intensity appears violet because it excites the

primary sensation of violet much more than those of green and red. If

the stimulus be increased the maximum of violet stimulation will be

reached, while the stimulation of green will continue to be increased and
even that of red to a slight degree. The result will be that the light

appears violet mixed with green, that is blue. If the stimulus be still

further increased while the green and violet are both excited to the maxi-

mum, the red stimulation may be increased until the result is violet, green,

and red in the proportions which make white light. And so with light

of other colours.

After-images. We have already seen that in vision the sensa-

tion lasts much longer than the stimulus. Under certain circum-

stances, such as condition of the eye, intensity of the stimulus, &c., the

sensation is so prolonged, that it is spoken of as an after-image.

Thus, if the eye be directed to the sun, the image of that body is

present for a long while after ; and if, on early waking, the eye be di-

rected to the window for an instant and then closed, an image of the

window with its bright panes and darker sashes, the various parts

being of the same colour as the object, will remain for an appreciable

time. These images, which are simply continuations of the sensation,

are spoken of as positive after-images. They are best seen after a
momentary exposure of the eye to the stimulus.

When, however, the eye has been for some time subject to a sti-

mulus, the sensation which follows the withdrawal of the stimulus is

of a different kind ; what is called a negative after-image, or negative

image, is produced. If, after looking stedfastly at a white patch on a

black ground, the eye be turned to a white ground, a grey patch is

seen for some little time. A black patch on a white ground similarly

gives rise on a grey ground to a negative image of a white patch.

This may be explained as the result of exhaustion. When the white

patch has been looked at steadily for some time, that part of the

retina on which the image of the patch fell becomes tired ; hence

the white light coming from the white ground subsequently looked

at, which falls on this part of the retina, does not produce so much
sensation as in other parts of the retina; and the image, consequently,

appears grey. And so in the other instance, the whole of the retina

is tired, except at the patch ; here the retina is for a while most sen-

sitive, and hence the white negative image.

When a red patch is looked at, the negative image is a green

blue, that is, the colour of the negative image is complementary to that
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of the object. Thus also orange produces a blue, green a pink, yellow

an indigo-blue, negative image ; and so on. This too can be explained

as a result of exhaustion. When the coloured patch is looked at, one

of the primary colour sensations is much exhausted, and the other

two less so, in varying proportions, according to the exact nature of

the colour of the patch ; and the less exhausted sensations become
prominent in the after-image. Thus, the red patch exhausts the red

sensation, and the negative image is made up chiefly of green and
blue sensations, that is, appears to be greenish blue, or bluish green,

according to the tint of the red. Similarly, when the eye, after look-

ing at a coloured patch, is turned to a coloured ground, the effects

may easily be explained by reference to the comparative exhaustion

of the colour sensations excited by the patch and the ground respec-

tively ; if a yellow (t. e. a green and red) ground be chosen after

looking at a green object, the negative image will appear of a reddish

yellow, and so on.

What is not so clear is why negative images should make their appear-

ance without any subsequent stimulation of the retina. When the eyes

are shut and all access of light, even through the eyelids, carefully avoided,

the field of vision is not absolutely dark ; there is still a sensation of light,

the so-called 'proper light' of the retina. If a white patch on a black

ground be looked at for some time, and the eyes then shut, a negative

(black) image of the spot will be seen on the ground of the ' proper light

'

of the retina, having in its immediate neighbourhood a specially bright

corona. So also, if a window be looked at and the eyes then closed, the

positive after-image with bright panes and dark sashes gives rise to a

negative after-image with bright sashes and dark panes ; and similar effects

appear with colours. Plateau^ has attempted to explain the various phe-

nomena of after-images by supposing oscillations to take place in some part

of the visual apparatus; but the matter is surrounded with difficulties^.

Sec. 3. Visual Perceptions.

Hitherto we have studied sensations only, and have considered

an external object, such as a tree, as simply a source of so many
distinct sensations, differing from each other in intensity and kind

(colour). In the mind these sensations are coordinated into a per-

ception. We are not only conscious of a number of sensations of

bright and dim lights, of green, brown, black, &c., but these sen-

sations are so arranged, by virtue of cerebral processes, that we 'see a

tree.' There is, as is often said, a mental image in the brain cor-

responding to the physical image on the retina.

When we look upon the external world, a variety of images are

formed at the same time on the retina, and give rise to a number of

contemporaneous visual sensations. The sum of these sensations

^ Theorie gen. des Apparences visuelles. Bruxelles, 183i.
2 Cf. Hering, op. cit.



428 VISUAL FERCEPTIONS. [Book iii.

constitutes 'the field of vision,' which varies of course with every

movement of the eye. This field of vision, being in reality an aggre-

gate of sensations, is of course a subjective matter ; but we are in the

habit of using the same phrase to denote the sum of external objects

which give rise to the aggregate of sensations; in common language

the field of vision is 'all that we can see' in any position of the eye,

and we have a field of vision for each eye separately and for the two
eyes combined.

Using for the present the words in their subjective sense, we may
remark, that we are able to assign to each constituent sensation its

place among the aggregate of sensations constituting the field of

vision ; we can, as we say, localise the sensation. We can say

whether it belongs to (what we regard as) the right-hand or left-

hand, the upper or the lower part, of the field of vision. We are

able to distinguish the relative positions of any two distinct sensa-

tions; and the relative positions, together with the relative intensities

and qualities (colour) of the sensations arising from any object de-

termine our perception of the object. It need hardly be remarked
that this localisation is purely subjective. We simply determine the

position of the sensation in the field of vision (which is itself a

wholly subjective matter); we do not determine the position of the

object. The connection between the position of the object in the

external world and the position of the sensation in the field of

vision, cannot be determined by visual observation alone. All the

information which can be gained by the eye is limited to the field of

vision, and provided that the relative position of the sensations in

the field of vision remained the same, the actual position of external

objects might, as far as vision is concerned, be changed without our

being aware of it.

As a matter of fact the field of vision in one important particular does

not correspond to the field of external objects. The image oii the retina is

inverted; the rays of light proceeding from an object which by touch we know
to be on wliat we call our right hand, fall on the left-hand side of the retina.

If therefore the field of vision corresponded to the retinal image, the object

would be seen on the left hand. We liowever see it on the right hand,

because we invariably associate right-hand tactile localisation with left-hand

visual localisation; that is to say, our field of vision, when interpreted by
touch, is a re-invei'sion of the retinal image.

The dimensions of the field of vision of a single eye are about
145'^ for the horizontal and 100° for the vertical meridian, the former

being distinctly greater than the latter. The horizontal dimension

of the field of vision for the two eyes is about ISO". By movements
of the eyes, however, apart from those of the head, the extent may
be increased to 260" in the horizontal and 200" in the vertical

direction.

The satisfactory perception of external objects requires distinct

vision ; and of this, as we have already said, the formation of a dis-
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tinct image on the retina is an essential condition. We can receive

visual sensations of all kinds with the most imperfect dioptric

apparatus, but our perception of an object is precise in proportion

to the clearness of the image on the retina.

Region of Distinct Vision. If we take two points, such as two
black dots, only just so far apart that they can be seen distinctly as

two when placed near the axis of vision, and then, keeping the axis

fixed, move the two points out into the circumferential parts of the

field of vision, it will be found that the two soon appear as one.

The two sensations become fused, as they would do if brought nearer

to each other in the centre of the field. The farther away from the

centre of the field, the farther apart must two points be in order

that they may be seen as two. In other words, vision is much more
distinct in the centre of the field than towards the circumference.

Practically the region of distinct vision may be said to be limited to

the macula lutea, or even to the fovea centralis; by continual move-
ments of the eye we are constantly bringing any object which we
wish to see in such a position that its image falls on this region of

the retina.

The dimiuiition of distinctness does not diminish equally from the

centre to the circumference along all meridians. The outline described

by a line uniting the points where two spots cease to be seen as two
when moved along different radii from the centre, is a very in-egular

figure.

The sensations of colour are much more distinct in the centre of the

retina, than towai-ds the circumference. If the visual axis be fixed and
a piece of coloui-ed paper be moved towards the outside of the field of

vision, the colour iindergoes changes and is eventually lost, red disappearing

first, then green, and blue last. A jiurple colour becomes blue, and a rose

colour a bluish white. In fact, there seems to be a cei'tain amount of red-

blindness in the peripheral parts of all retinas.

Blind Spot. There is one part of the retina on which rays of

light falling give rise to no sensations ; this is the entrance of the
optic nerve, and the corresponding area in the field of vision is called

the blind spot. If the visual axis of one eye, the right for instance,

the other being closed, be fixed on a black spot in a white sheet of

paper, and a small black object, such as the point of a quill pen
dipped in ink, be moved gradually sideways over the paper away to

the outside of the field of vision, at a certain distance the black point

of the quill will disappear from view. On continuing the movement
still farther outward the point will again come into view and continue
in sight until it is lost in the periphery of the field of vision. If

the pen be used to make a mark on the paper at the moment when
it is lost to view, and at the moment when it comes into sight

again ; and if similar marks be made along the other meridians as

well as the horizontal, an irregular outline will be drawn circum-
scribing an area of the field of vision within which rays of light
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produce no visual sensation. This is fhe blind spot. The dimen-
sions of the figure drawn vary of course with the distance of the
paper from the eye. If this distance be known, the size as well as
the position of the area of the retina corresponding to the blind spot
may be calculated from the diagrammatic eye (p. 398). The position

exactly coincides with the entrance of the optic nerve, and the
diraeusions (about 1*5 mm. diameter) also coi'respond. While draw-
ing the outline as above directed the indications of the large branches
of the retinal vessels as they diverge from the entrance of the nerve
can frequently be recognized. The existence of the blind spot is

also shewn by the fact that an image of light, sufficiently small,

thrown upon the optic nerve by means of the ophthalmoscope, gives
rise to no sensations.

The existence of the blind spot proves that the optic fibres them-
selves are insensible to light ; it is only through the agency of the
retinal expansion that they can be stimulated by luminous vibrations.

Purkinje's Figures. If one enters a dark room with a candle,

and while looking at a plain (not parti-coloured) wall, moves the
candle up and down, holding it on a level with the eyes by the side

of the head, there will appear in the field of vision of the eye of the
same side, projected on the wall, an image of the retinal vessels, quite
similar to that seen on looking into an eye with the ophthalmoscope.
The field of vision is illuminated with a glare, and on this the
branched retinal vessels appear as shadows. In this mode of ex-
perimenting the light enters the eye through the cornea, and the
candle forms on the nasal side of the retina an image, and it is the
light emanating from this which throws shadows of the retinal

vessels on to the rest of the retina. A far better method is for a
second person to concentrate the rays of light, with a lens of low
power, on to the outside of the sclerotic just behind the cornea; the
light in this case emanates from the illuminated spot on the scle-

rotic and passing straight through the vitreous humour throws a direct

shadow of the vessels on to the retina. Thus the rays passing through
the sclerotic at h, Fig. 47, in the direction hv, will throw a shadow of
the vessel v on to the retina at /3; this will appear as a dark line at
B in the glare of the field of vision. This proves that the structures
in which sensory visual impulses originate must lie behind the retinal

vessels, otherwise the shadows of these could not be perceived.

If the light be moved from h to a, the shadow on the retina will move
from /3 to a, and the dark line ia the field of vision will move from B to A.
If the distance BA be measured when the whole image is projected at a
known distance, IcB from the eye, h being the optical centre \ then,

^ For the properties of the optical centre, we must refer the reader to the various
treatises on optics. The optical centre of a lens is the point through which all the
principal rays, of the various pencils of rays falling on the lens, pass. The diagram-
matic eye of Listing (p. 398) has two optical centres, but these may, without serious
error, be further reduced for practical purposes to one lying in the lens near its

posterior surface, at about 15 mm. distance from the retina.
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knowing tlie distance Jc^ in the diagrammatic eye, tlie distance fia can be
calculated. But if the distance /3a be thus estimated, and the distance

ha be dii-ectlv measured, the distances fiv, av, bv, av can be calculated, and
if the appearance in the field of vision is really caused by the shadow of v

falling on /?, these distances ought to correspond to the distances of the
retinal vessels v from the sclerotic h on the one hand, and from that part

of the retina y8 where visual impressions begin, on the other. H. Miiller

found that the distance ^v thus calculated corresponded to the distance • of

B A

04 /3

Fig. 47. Diagram illustrating the Foemation of Puekinje's Figubes when the
Illumination is dieected theough the Scleeotic.

the retinal vessels from the layer of rods and cones. Thus Purkinje's

figures prove in the first place that the sensory imjoulses which form the

commencement of visual sensations originate in some part of the retina

behind the retinal vessels, i.e. somewhere between them and the choroid

coat ; and H. Miiller's calculations go far to shew that they originate at the

most posterior or external part of the retina, viz. the layer of rods and
cones. It must be admitted however that H. MUller's results were not
sufficiently exact to allow any great stress to be placed on this argument.

It is desirable in these cases to move the light to and fro, espe-

cially in the first method, as the retina soon becomes tired, and the

image fades away. Some observers can recognize in the axis of

vision, a faint shadow corresponding to the edge of the depression of

the fovea centralis.

In the second method of experimenting, the image always moves in the

same direction as the light, as it obviously must do. In the first method,
where the light enters through the cornea, the image moves in the same
direction as the light when the light is moved from right to left, provided

the movement does not extend beyond the middle of the cornea, but in the

opposite direction to the light when the latter is moved up and down. In
Fig. 48, which represents a horizontal section of an eye, if a be moved to
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a, h will move to P, the shadow on the retina c to y, and the image d to 8.

If on the other hand a be supposed to move above the plane of the paper,

6 will move below, in consequence c will move above, and d will appear to

move below, i.e. d will sink as a rises.

Fig. 48. Diageam illusteating the Formation of Puekinje's Figuees when the
Illumination is dieected through the Cornea.

The retinal A^essels may also be rendered visible by looking through

a small oiifice at a bright field such as the sky, and moving the orifice

very rapidly from side to side or up and down. If the movement be from

side to side, the vessels which run vertical will be seen; ifup and down, the

horizontal vessels. The fine capillary vessels are seen more easily in this

way than by Purkinje's method. The same appearances may also be pro-

duced by looking through a microscojoe from which the objective has been

removed and the eye-piece only left (or in which at least there is no object

distinctly in focus in the field), and moving the head rapidly from side to

side or laackwards and forwards. Or the microscope itself may be moved

;

a cu'cular movement of the field will then bring both the vertical and hori-

zontally directed vessels into view at the same time.

Modified Ferceptions.

Since our perception of external objects is based on the distinct-

ness of the constituent sensations which go to form the perception, it

might be expected that our conception of external nature would be a

faithful transcript of the sensations originating in the retina and
transformed in the brain into perceptions, and that therefore the

mental condition resulting from our looking at any object or view

would correspond exactly to the retinal image. We find, however,

that this is not the case. The sensations and probably even the

simple sensory impulses produced by an image react upon each other,

and these reactions modify our perceptions, independently of the

physical conditions of the retinal image. There arise certain dis-

crepancies between the retinal image and the perception, some
having their source in the retina, some in the brain, and others being

of such a nature, that it is difficult to say where the irrelevancy is

introduced.
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Irradiatioxi. A white patch on a dark ground appears larger,

and a dark patch on a white ground smaller, than it really is. This
is especially so when the object is somewhat out of focus, and may,
in this case, he partly explained by the diffusion circles which, in

each case, encroach from the white upon the dark. But over and
beyond this, any sensation, coming from a given retinal area, occupies

a larger share of the field of vision, when the rest of the retina and
central visual apparatus are at rest, than when they are simul-

taneously excited. It is as if the neighbouring, either retinal or

cerebral, structures were sympathetically thrown into action at the

same time.

Contrast. If a white strip be placed between two black strips,

the edges of the white strip, near to the black, will appear whiter

than its median portion; and if a white cross be placed on a black

background, the centre of the cross will appear sometimes so dim,

compared Avith the parts close to the black, as to seem shaded. This

occurs even when the object is well in focus; the increased sensation

of light which causes the apparent greater whiteness of the borders

of the cross is the result of the 'contrast' with the black placed im-
mediately close to it. Still more curious results are seen with

coloured objects. If a small piece of grey paper be placed on a
sheet of green paper, and both covered with a sheet of thin tissue

paper, the grey paper will appear of a pink colour, the comple-

mentary of the green. This effect of contrast is far less striking, or

even wholly absent, when the small piece of paper is white instead

of grey, and generally disappears when the thin covering of tissue

paper is removed. It also vanishes if a bold broad black line be
drawn round the small piece of paper, so as to isolate it from the

ground colour. If a book, or pencil, be placed vertically on a sheet

of white paper, and illuminated on one side by the sun, and on the

other by a candle, two shadows will be produced, one from the sun
which will be illuminated by the yellowish light of the candle, and
the other from the candle which will in turn be illuminated by the

white light of the sun. The former naturally appears yellow ; the

latter, however, appears not white but blue ; it assumes, by con-

trast, a colour complementary to that of the candle-light which
surrounds it. If the candle be removed, or its light shut off by a
screen, the blue tint disappears, but returns when the candle is

again allowed to produce its shadow. If, before the candle is brought
back, vision be directed through a narrow blackened tube at some
part falling entirely within the area of what will be the candle's

shadow, the area, which in the absence of the candle appears white,

will continue to appear white when the candle is made to cast its

shadow, and it is not until the direction of the tube is changed so

as to cover part of the ground outside the shadow, as well as part of

the shadow, that the latter assumes its blue tint\

1 Cf. Hering, \oc. cit.

F. P. 28
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FiUing" up the Blind Spot. Though, as we have seen, that part

of the retina which corresponds to the entrance of the optic nerve is

quite insensible to light, we are conscious of no blank in the field of

vision. When in looking at a page of print we fix the visual axis so

that some of the print must fall on the hlind spot, no gap is perceived.

We could not expect to see a black patch, because what we call black

is the absence of the sensation of light from structures which are

sensitive to light ; we must have visual organs to see black. But
there are no visual organs in the blind spot, and consequently we are

in no way at all affected by the rays of light which fall on it; the field

of vision closes in as if the blind spot did not exist at all.

Ocular Spectra. So far from our perceptions exactly correspond-

ing to the arrangements of the luminous rays which fall on the retina,

we may have visual sensations and perceptions in the entire absence

of light. Any stimulation of the retina or of the optic nerve suffi-

ciently intense will give rise to a visual sensation. Gradual pressure

on the eyeball causes a sensation of rings of coloured light, the so-

called phosphenes ; a sudden blow on the eye causes a sensation of

flashes of light, and the seeming identity of the visual sensations

so brought about with visual sensations produced by light is well

illustrated by the statement once gravely made in a German court

of law, by a witness who asserted that on a pitch dark night he

recognised an assailant by help of the flash of light caused by the

assailant's hand coming in violent contact with his eye. Electrical

stimulation of the eye or optic nerve will also give rise to visilal

sensations.

The sensations which may arise without any light falling on the

retina need not necessarily be undefined ; on the contrary they may
be most clearly defined. Complex and coherent visual images or per-

ceptions may arise in the brain without any corresponding objective

luminous cause. These so-called ocular spectra or phantoms, which

are the result of an intrinsic stimulation of some (probably cerebral)

part of the visual apparatus, have a distinctness which gives them an

apparent objective reality quite as striking as that of ordinary visual

perceptions\ They may occasionally be seen with the eyes open

(and therefore while ordinary visual perceptions are being generated)

as well as when the eyes are closed. They sometimes become so

frequent and obtrusive as to be distressing, and form an important

element in some kinds of delirium, such as delirium tremens.

Appreciation of apparent size. By the eye alone we can only

estimate the apparent size of an object, we can only tell what space it

takes in the field of vision, we can only perceive the dimensions of

the retinal image, and therefore have a right only to speak of the

angle which the diameter of the object subtends. The real size of an

1 I am acqiminted with a case in wliicli ocular spectra of a pleasing and gorgeous

cliaracter, such as visions of flowers, and landscapes, can be brought on at once by
compressing the eyeballs with the orbicularis muscle.



Chap, ii.] SIGHT, 43a

object must be determined by other means. But our perception of
even the apparent size of an object is so modified by concurrent cir-

cumstances that in many cases it cannot be relied on. The apparent
size of the moon must be the same to every eye, and yet while some
persons will be found ready to compare the moon in mid heavens
with a threepenny piece, others will liken it to a cart-wheel ; that is

to say, the angle subtended by the moon is thought by the one to be
equal to that subtended by a threepenny piece viewed at a few feet,

and by the other to that subtended by a cart-wheel viewed at a few
yards, from the eye. If a line such as A C, Fig. 49, be divided into
two equal parts AB, BC, and AB -p .„

be divided by distinct marks into

several parts, as is shewn in the ® ® ® ® ® • O
figure, while ^C be left entire,

the distance AB will always appear greater than CB. So also, if

two equal squares be marked, one with .horizontal and the other
with vertical alternate dark and light bands, the former will appear
higher, and the latter broader, than it really is. Hence short persons
affect dresses horizontally striped in order to increase their apparent
height, and very stout persons avoid longitudinal stripes. Two per-
fectly parallel lines or bands, each of which is crossed by slanting

parallel short lines, will appear not parallel, but diverging or con-
verging according to the direction of the cross-lines.

Again, when a short person is placed side by side with a tall

person, the former appears shorter and the latter taller than each
really is. The moon on the horizon appears larger than when at the
zenith, partly because it can then be most easily compared with
terrestrial objects, and partly perhaps because, from a conception we
have of the heavens being flattened, we judge the moon to be farther off

at the horizon than at the zenith ; and being farther off, and yet sub-
tending the same angle, must needs be judged larger. The absence
of comparison may, however, have an opposite effect, as when a person
looks larger in a fog ; being seen indistinctly, he is judged to be
farther off than he really is, and so appears to be proportionately
larger, just as conversely distant mountains appear small, when
in a clear atmosphere they are seen distinctly and so judged
to be near. Indeed, our daily life is full of instances in which
our direct perception is modified by circumstances. Among those
circumstances previous experience is one of the most potent, and
thus simple perceptions become mingled with what are in reality

judgments, though frequently made unconsciously. But this intru-

sion of past experience into present perceptions and sensations is

most obvious in binocular vision, to which we now turn.

23—2
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Sec. 4. Binocular Vision.

Corresponding or Identical Points.

Thougli we have two eyes, and must therefore receive from every

object two sets of sensations, our perception of any object is under
ordinary circumstances a single one ; we see one object, not two.

By putting either eye into an unusual position, as by squinting, we
can render the perception double ; we see two objects where one only

exists. From which it is evident that singleness of perception de-

pends on the- image of the object falling on certain parts of each

retina at the same time, these parts being so related to each other,

that the sensations from each are blended into one perception ; and
it is also evident that the movements of the eyeballs are adapted

to bring the image of the object to fall on these ' corresponding' or
* identical' parts, as they are called, of each retina.

When we look at an object with one eye the visual axis of that

eye is directed to the object, and when we use two eyes the visual

axes of the two eyes converge at the object, the eyeballs moving ac-

cordingly. The corresponding points of the two retinas are those on
which the two images of the object fall when the visual axes converge

at the object. Thus in Fig. 50, if Cc, Cc^ be the two visual axes, c, c^

^L R

Fig. 50. Diagrah illustrating Cobkesponding Points.

L the left, R the right eye, K the optical centre, a^, 6j, c-^ are points in the
right eye corresponding to the points a, b, c in the left eye. The two figures below
are projections of L the left and R the right retina. It -will be seen that a on the
malar side of L corresponds to a^ on the nasal side of R.

being the centres of the foveas centrales of the two eyes, then, the
object AGB being seen single, the point a on the one retina will

'correspond' to or be 'identical' Avith the point a^ on the other, and
the point h in the one to the point h^ in the other. Hence a point
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lying anywhere on the right side of one retina, has its corresponding

point on the right side of the other retina, and the points on the left

of one correspond with those on the left of the other. Thus, while the

upper half of the retina of the left eye corresponds to the upper half

of the retina of the right eye, and the lower to the lower, the nasal

side of the left eye corresponds with the malar side of the right, and
the mala?^ of the left with the nasal side of the right.

Since the blending of the two sensations into one only occurs

"when the two images of an object fall on these corresponding points

of the two retinas, it is obvious that in single vision with two eyes

the ordinary movements of the eyeballs must be such as to bring the

visual axes to converge at the object so that the two images may
fall on corresponding points. When the visual axes do not so con-

verge, and when therefore the images do not fall on corresponding

points, the two sensations are not blended into one perception and
vision becomes double.

Movements of the Eyeballs.

The eye is virtually a ball placed in a socket, the orbit and the

bulb forming a ball and socket-joint. In its socket-joint the optic

ball is capable of a variety of movements, but it cannot by any
voluntary effort be moved out of its socket.

It is stated that by a very forcible opening of the eyelids the eyeball

may be slightly protruded; but this trifling locomotion may be neglected.

By disease, however, the position of the eyeball in the socket may be

materially changed.

Each eyeball is capable of rotating round an immobile centre of

rotation, wdiich has been found to be placed a little (1"77 mm.) behind

the centre of the eye ; but the movements of the eye round the centre

are limited in a peculiar way. The shoulder-joint is a similar ball and
socket-joint ; and we know that we can not only move the arm up
and down round a horizontal axis passing through the centre of

rotation of the head of the humerus, and from side to side round a

vertical axis, but we can also rotate it round its own longitudinal axis.

When, however, we come to examine closely the movements of the

eyeball v/e find, as was shewn by Donders, that though we can move
it up and down round a horizontal axis, as when with fixed head we
direct our vision to the heavens or to the ground, and from side to

side, as when we look to left or right, and though by combiniag these

two movements we can give the eyeball a variety of inclinations, we
cannot, by a voluntary effort, rotate the eyeball round its longitudinal

or visual axis. The arrangement of the muscles of the eyeball would

permit of such a movement, but we cannot by any direct effort

of will bring it about by itself ; we can only effect it indirectly when
we attempt to move the eyeballs in certain special ways.
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If, when vision is directed to any object, the head be moved from

side to side, the eyes do not move with it ; they appear to remain

stationary, very much as the needle of a ship's compass remains sta-

tionary when the head of the ship is turned. The change in the

position of the visual axes to which the movement of the head would
naturally give rise is met by compensating movements of the eye-

balls ; were it not so, steadiness of vision would be impossible.

There is one position of the eyes which has been called the lyt-imary

position. It corresponds to that which may be attained by looking at the

distant horizon with the head vertical and the body upright; but its

exact determination requires special precautions. The visual axes are

then parallel to each other and to the median plane of the head. All

other positions of the eyes are called secondary j^ositions. In a secondary

position the visual line takes a new direction, and a plane drawn through

the centre of rotation at right angles to the primary direction of the visual

line acquhes importance ; for it was suggested by Listing, and pi'oved by

Donders and Helmholtz, that the change from the primary to any second-

ary position is brought about by a rotation of the eye round an axis

lying in this plane. This law of the movements of the eye is known as

Listing's law. The chief axes in this plane are the transverse axis of the

eye, rotation round which causes the eye to move up and down, and the

vertical axis, rotation round which causes the eye to move from side to

side; rotation round other axes m the plane causes oblique movements.

When, one eye being closed, we look with the other in the primary position

at a vertical coloured sti-ipe on a gray wall until a negative image of the

stripe is produced, and then move the eye away from the stripe, the nega-

tive image remains vertical, however much the eye is moved either hori-

zontally from side to side, or vertically iip and down; in these movements,

which are rotations round the vertical and transverse axes respectively, the

relations of the retina to the visual line are unchanged; the meridian in

which the negative image lies and which was vertical in the primary posi-

tion, remains vei-tical in the new positions. A horizontal negative image

similarly remains horizontal. If the eye be moved from the primary

position m an oblique direction, the negative image, whether horizontal or

vertical, becomes inclined; but Helmholtz' shewed that an oblique Imear

negative image also maintains its incHnation when the eye is moved from

the primary position, in the direction of the line of (or at right angles

to the line of) the negative image ; that here too the meridian passing

through the visual line and the negative image remains unchanged ; and

that therefore the movement in this case also must be brought about by
rotation round an axis at right angles to the plane passing thi'ough the

meridian of the negative image (i.e. the visual line in its new direction)

and the visual line in the primary position. lu other words, just as a

vertical or horizontal movement of the eye is a rotation round a hori-

zontal or vertical axis in the plane of rotation spoken of above, so an

oblique movement is a rotation round an oblique axis in the same plane

and not in any way a rotation round the visual axis itself. When the hori-

zontal or vertical negative image in the above experiment becomes inclined

1 Proc. Boy. Soc. xiii. (ISGi) p. 180.
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in an oblique ^movement of eye, its motion is similar to that of the

spokes of a wheel ; but this change of position of the meridians of the

retina must not be confounded with the actual rotation of the eyeball

on its visual axis.

All movements then starting from the primary position, whether rect-

angular or oblique, are executed without rotation of the eyeball ; but this

is not the case in moving from one secondary position to anothei*. More-
over Listing's law holds good only so long as the visual axes remain
parallel. When the visual axes are made to converge, some amount of

rotation occurs, and that even when their horizontal direction, proper to

them in the primary position, is maintained. The rotation is, with the ex-

ception of a particular position, still more marked when, as is usually the

case during the convergence, the eyes are dii-ected downwards.
It was once thought that the maintenance of the position of the eye-

balls when the head was turned to the shoulders, while vision was directed

to an object in front, was effected by means of a rotation of the eyeballs.

This Donders proved to be an error, though some slight amount of rotation

does take place. In various other movements of the eye too rotation

occurs to a variable extent.

Muscles of the Eyeball. The eyeball is moved by six muscles,

the recti inferior, swperior, internus and externus, and the obliqui

inferior and superior. It is found by calculation from the attach-

ments and directions of the muscles, and confirmed by actual observa-

tion, that the six muscles may be considered as three pairs, each pair

rotating the eye round a particular axis. The relative attachments

and the axes of rotation are diagrammatically shewn in Fig. 51. Thus
the rectus superior and the rectus inferior rotate the eye round a hori-

zontal axis, which is directed from the upper end of the nose to the

temple ; the obliquus superior and obliquus inferior round a horizontal

axis directed fi"om the centre of the eyeball to the occiput ; and the

rectus internus and rectus externus round a vertical axis (which, being

at right angles to the plane of the paper, cannot be shewn in the

diagram), passing through the centre of rotation of the eyeball parallel

to the medium plane of the head when the head is vertical. Thus
the latter pair acting alone would turn the eye from side to side, the

other straight pair acting alone would move the eye up and round,

while the oblique muscles acting alone would give the eye an oblique

movement. The rectus externus acting alone would turn the eye to

the malar side, the internus to the nasal side, the rectus superior up-
wards, the rectus inferior downwards, the oblique superior down-
wards and outwards, and the inferior upwards and outwards. The
recti superior and inferior in moving the eye up and down also

turn it somewhat inward and at the same time give it a slight

amount of rotation ; but this is corrected if the oblique muscles act

at the same time ; and it is found that the rectus superior acting

with the obliquus inferior moves the eye upwards, and the rectus

inferior with the obliquus superior downwards in a vertical direction.

In oblique movements also, the obliqui are always associated with



440 MOVEMENTS OF THE EYEBALLS. [Book iii.

r.int

r.ext.

Fig. 51. Diagram op the Attachments op the Muscles op the Eye, and of their
Axes op Eotation, the latter being represented by dotted lines. The axis of

rotation of the rectus externus and internus, being perpendicular to the plane
of the paper, cannot be shewn. (After Fick.)

the recti. Hence the various movements of the eyeball may be ar-

ranged as follows :

m o

3 q

o

Elevation.

Depression.

Adduction to

nasal side.

Adduction to

malar side.

Elevation with
adduction.

Depression

^ with adduction.

Elevation with

abduction.

Depression

'-with abduction.

Rectus superior and obliquus inferior.

Rectus inferior and obliquus superior.

Rectus internus.

Rectus externus.

Rectus superior and internus with obliquus

inferior.

Rectus inferior and internus with obliquus
superior.

Rectus superior and externus with obliquus
inferior.

Rectus inferior and externus with obliquus

superior.

Coordination of Visual Movements. Thus even in the move-
ments of a single eye, a considerable amount of coordination takes
place. When the eye is moved in any other than the vertical and
horizontal meridians, impulses must descend to at least three muscles,

and in such relative energy to each of the three as to produce the
required inclination of the visual axis. But the coordination ob-

served in binocular vision is more strikinj; still. If the movements
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of any person's eyes be watched it will be seen that the two eyes

move alike. If the right eye moves to the right, so does also the left;

and, if the object looked at be a distant one, exactly to the same
extent ; if the right eye looks up, the left eye looks up also, and so in

every other direction. Very few persons are able by a direct effort of

the will to move one eye independently of the other ; though some,

and among them a distinguished physiologist and oculist, have ac-

quired this power. In fact, the movements of the two eyes are

so ai'ranged that in the various movements the images of any object

should fall on the corresponding points of the two retinai, and that

thus single vision should result. We cannot by any direct effort of

our will place our eyes in such a position that the rays of light pro-

ceeding from any object shall fall on parts of the retina which do not
correspond, and thus give rise to two distinct visual images. We can
bring the visual axes of the two ej^es from a condition of parallelism

to one of great coDvergence, but we cannot, without special assistance,

bring them from a condition of parallelism to one of divergence.

The stereoscope will enable us to create a divergence. If in a stereo-

scopic picture the distance between the pictures be increased so gradually

that the impression of a single object be not lost, the visual axes may be

brought to diverge, flelmholtz, while looking at a distant object with a

prism before one eye, with the angle of the prism directed towards the

nose and the vision of the object kept carefidly single, found after

turning the angle very slowly up or down, and keeping the image of the

object single all the time, that on removing the prism a double image
M'as for a moment seen; shewmg that the eye before which the prism was
placed had moved in disaccordance with the other. The double image
however in a few seconds after the removal of the prism became single, on
account of the eyes coming into accordance.

It is only when loss of coordination occurs, as in various dis-

eases and in alcoholic or other poisoning, that the movements of

the two eyes cease to agree with each other. It is evident then
that when we look at an object to the right, since we thereby abduct
the right eye and adduct the left, we throw into action the rectus

externus of the right eye and the rectus internus of the left ; and
similarly when we look to the left we use the rectus externus of the

left and the rectus internus of the right eye. When we look at a
near object, and therefore converge the visual axes, we use the recti

interni of both eyes; and when we look at a distant object, and
bring the axes from convergence towards parallelism, we use the

recti externi of both eyes. In the various movements of the eye

there is therefore, so to speak, the most delicate picking and choosing

of the muscular instruments. Bearing this in mind, it cannot be
wondered at that the various movements of the eye are dependent
for their causation on visual sensations. In order to move our eyes,

we must either look at or for an object; when we wish to converge

our axes, we look at some near object real or imaginary, and the
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convergence of the axes is usually accompanied by all the conditions

of near vision, such as increased accommodation and contraction of

the pupil. And so with other movements.

The close association of the Biovements of the eye may be illustrated by

the following case. Suppose the eyes, to start with, directed for the far dis-

tance, and that it is desired to direct attention to a nearer point lying in the

visual line of the right eye. In this case no movement of the right eye is

required; all that is necessary is for the left eye to be turned to the right,

that is, for the rectus internus of the left eye to be thrown into action. But

in ordinary movements the contraction of this muscle is always associated

with either the rectus externus of the right eye (as when both eyes are

turned to the right) or the rectus internus of that eye, as in convergence

;

the muscle is quite unaccustomed to act alone. This would lead us to

suppose that in the case in question the contraction of the rectus internus

of the left eye is accompanied by a contraction of both recti externus and

internus of the right eye, keeping that eye in lateral equilibrium. And
when we come to examine our own consciousness, we feel a sense of effort

in the right as well as in the left eye, and the slight amount of rotation

which accompanies convergence (see p. 439) may be discovered also in the

right as well as in the left eye.

Such a complex coordination requires for its carrying out a dis-

tinct nervous machinery ; and we have reasons for thinking that

such a machinery exists in certain parts of the corpora quadri-

gemina. In the nates, Adamuk finds a common centre for both

eyes, stimulation of the right side producing movements of both eyes

to the left, of the left side movements to the right ; while stimulation

in the middle line behind causes a downward movement of both eyes

with convergence of the axes, and in the front an upward movement
with return to parallelism, both accompanied by the naturally asso-

ciated movements of the pupil. Stimulation of various parts of the

nates causes various movements, depending on the position of the

spot stimulated. After an incision in the middle line, stimulation of

the nervous centre on one side produces movements in the eye of the

same side only.

Tlie Horopter.

When we look at any object we direct to it the visual axes, so that

when the object is small, the 'corresponding' parts of the two retinae,

on which the two images of the object fall, lie in their respective

foveas centrales. But while we are looking at the particular object the

images of other objects surrounding it fall on the retina surrounding

the fovea, and thus go to form what is called indirect vision. And
it is obviously of advantage that these images also should fall on
' corresponding ' parts in the two eyes. Now for any given position

of the eyes there exists in the field of vision a certain line or sur-

face of such a kind that the images of the points in it all fall on
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corresponding points of the retina. A line or surface liaving tliis

property is called a Horopter, The horopter is in fact the aggregate

of all those points in space which are projected on to corresponding

points of the retina; hence its determioation in any particular case

is simply a matter of geometrical calculation. In some instances it

becomes a very complicated figure. The case whose features are

most easily grasped, is a circle drawn in the plane of the two

visual axes through the point of the convergence of the axes and

the optic centres of the two eyes. It is obvious from geometrical

relations that in Fig. 52 the images of any point in the circle will fall

on corresponding points of the two retinse. When we stand upright

and look at the distant horizon the horopter is (approximately, for

normal long-sighted persons) a plane drawn through our feet, that is

to say, is the ground on which we stand ; the advantage of this is

obvious.

Fig. 52. Diagram illusteatixg a simple Horoptee.

When tlie visual axes coiiTerge at C, the images a a of any point A on the

circle drawn thi'ough G and the optical centres k k, will fall on corresponding
points.

In determining the position of corresponding points it miist be remem-
bered, as Helmboltz^ has shewn, that while the horizontal meridians of the

two fields really correspond, it is the apparent and not the real vertical

meridians which are combined into one image in binocular vision, and it is

therefore by these that the correspondmg points must be determined. If

two areas be marked with lines nearly but not quite vertical, those on the

right side inclining to the left, and those on the left to the right, the

former when judged by the right eye will appear vertical, though their

slant will be apparent to the left eye, and the latter will appear vertical

to the left eye but not to the right. When combined in a stereoscope

picture, the lines in spite of their not being parallel will appear completely

to coincide, shewing that it is the apparent position of the vertical lines

which must be takea into consideration in determining corresponding

points.

1 Proc. Roy. Soc. xiii. (186i) p. 196.
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Sec. 5. Visual Judgments.

Binocular vision is of use to us inasmuch as the one eye is able

to fill up the gaps and imperfections of the other. For example,
over and above the monocular filling up of the blind spot, of which
we spoke in page 434, since the two blind spots of the two eyes, being
each on the nasal side, are not ' corresponding ' parts, the one eye
supplies that part of the field of vision which is lacking in the other.

And other imperfections are similarly made good. But the great use
of binocular vision is to afford us means of forming visual judgments
concerning the form, size, and distance of objects.

Judgment of Distance and Size. The perceptions which we
gain simply and solely by our field of vision concern two dimensions
only. We can become aware of the apparent size of any part of the
field corresponding to any particular object, and of its topographical
relations to the rest of the field, but no more. Had we nothing
more to depend on, our sight would be almost valueless as far as any
exact information of the external world was concerned. By asso-

ciation of the visual sensations with sensations of touch, and with
sensations derived from the movements of the eyeballs required to

make any such part of the field as corresponds to a particular object

distinct, we are led to form judgments, i.e. to draw conclusions con-

cerning the external world by means of an interpretation of our
visual perceptions. Looking before us, we say we see a certain

object of a certain colour nearly in front of us, or much on our right

hand or much on our left; that is to say, we judge such an object to

be in such a position because from the constitution of our brain,

strengthened by all our experience, we associate such a part of our
field of vision with such an object. The subjective visual complex
sensation or perception is to us a symbol of the external object.

Even with one eye we can, to a certain extent, form a judgment,
not only as to the position of the object in a plane at right angles to

our visual axis, but also as to its distance from us along the visual

axis. If the object is near to us, we have to accommodate for near
vision; if far from us, to relax our accommodation mechanism so that

the eye becomes adjusted for distance. The muscular sense (see

chap. IV. sec. 4) of this effort enables us to form a judgment whether
the object is far or near. Seeing the narrow range of our accommoda-
tion, and the slight muscular effort which it entails, all monocular
judgments of distance must be subject to much error. Everyone who
has tried to thread a needle without using both eyes, knows how great

these errors may be. When, on the other hand, we use two eyes, we
have still the variations in accommodation, and in addition have all

the assistance which arises from the muscular effort of so directing

the two eyes on the object that single vision shall result. When the

object is near, we converge our visual axes; when distant, we bring

them back towards parallelism. This necessary contraction of the
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ocular muscles affords a muscular sense, by tlie help of wliicli we form

a judgment as to the distance of the object. Hence, when by any
means the convergence which is necessary to bring the object into

single vision is lessened, the object seems to become more distant;

when increased, to move further away, as may be seen in the

stereoscope.

The judgment of size is closely connected with that of distance.

Our perceptions, gained exclusively from the field of vision, go no
farther than the apparent size of the image, i.e. of the angle sub-

tended by the object. The real size of the object can only be

gathered from the apparent size of the image when the distance of

the object from the eye is known. Thus perceiving directly the

apparent size of the image, we judge the distance of the object

giving the image, and upon that come to a conclusion as to its

size. And conversely, when we see an object, of whose real size

we are otherwise aware, or are led to think we are aware, our

judgment of its distance is influenced by its apparent size. Thus
when in our field of vision there appears the image of a man, know-
ing otherwise the ordinary size of man, we infer, if the image be
very small, that the man is far off. The reason of the image being

small may be because the man is far off, in which case our judgment
is correct; it may be, however, because the image has been lessened

by artificial dioptric means, as when the man is looked at through

an inverted telescope, in which case our judgment becomes a delusion.

So also an image on a screen when gradually enlarged seems to come
forward, when gradually diminished seems to recede. In these cases

the influence on our judgment of the muscular sense of binocular

adjustment, or monocular accommodation, is thwarted by the more
direct influence of the association between size and distance.

Judgment of Solidity- When we look at a small circle all

parts of the circle are at the same distance from us, all parts are

equally distinct at the same time, whether we look at it with one eye

or with two eyes. When, on the other hand, we look at a sphere, the

various parts of which are at different distances from us, a sense

of the accommodation, but much more a sense of the binocular

adjustment, of the convergence or the opposite of the two eyes,

required to make the various parts successively distinct, makes us
aware that the various parts of the sphere are unequally distant; and
from that we form a judgment of its solidity. As with distance of

objects, so with solidity, which is at bottom a matter of distance of

the parts of an object, we can form a judgment with one eye alone
;

but our ideas become much more exact and trustworthy when two
eyes are used. And we are much assisted by the efl'ects produced

by the reflection of light from the various surfaces of a solid object;

so much so, that raised surfaces may be made to appear depressed,

or vice versa, and flat surfaces either raised or depressed, by appro-

priate arrangements of shadings and shadow.
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Binocular vision, moreover, affords us a means of judging of the
solidity of objects, inasmuch as the image of any solid object which
falls on to the right eye cannot be exactly like that which falls on
the left, though both are combined in the single perception of the
two eyes. Thus, when we look at a truncated pyramid placed in the
middle line before us, the image which falls on the right eye is of the
kind represented in Fig. 53 R, while that which falls on the left eye

Fig. 53.

B R

has the form of Fig. 53 L; yet the perception gained from the two
images together corresponds to the form of which Fig. 53 B is the

projection. Whenever we thus combine in one perception two dissi-

milar images, one of the one, and the other of the other eye, we
judge that the object giving rise to the images is solid.

This is the simple principle of the stereoscope, in which two
slightly dissimilar pictures, such as would correspond to the vision of

each eye separately, are, by means of reflecting mirrors, as in Wheat-
stone's original instrument, or by prisms, as in the form introduced

by Brewster, made to cast images on corresponding parts of the two
retinas so as to produce a single perception. Though each picture is

a surface of two dimensions only, the resulting perception is the same
as if a single object, or group of objects, of three dimensions had
been looked at.

It might be supposed that the judgment of solidity which arises

when two dissimilar images are thus combined in one perception,

was due to the fact that all parts of the two images cannot fall on
corresponding parts of the two retinas at the same time, and that

therefore the combination of the two needs some movement of the

eyes. Thus, if we superimpose R on L (Fig. 53), it is evident that

when the bases coincide the truncated apices will not, and vice versa;

hence, when the bases fall on corresponding parts, the apices will not

be combined into one image, and vice versa ; in order that both may
be combined, there must be a slight rapid movement of the eyes

from the one to the other. That, however, no such movement is

necessary for each particular case is shewn by the fact that solid

objects appear as such when illuminated by an electric spark, the

duration of which is too short to permit of any movements of the

eyes. If the flash occurred at the moment that the eyes were bino-

cularly adjusted for the bases of the pyramids, the two apices not

falling on exactly corresponding parts would give rise to two percep-

tions, and the whole object ought to appear confused. That it does
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not, but, on ^tlie contrary, appears a single solid, must be the result

of cerebral operations, resulting in what we have called a judgment.

Struggle of the two Fields of Vision. If the images of two sur-

faces, one black and the other white, are made to fall on corresponding

parts of the eye, so as to be united into a single perception, the result

is not always a mixture of the two impressions, that is a grey, but, in

many cases, a sensation similar to that produced when a polished

surface, such as plumbago, is looked at ; the surface appears brilliant.

The reason probably is because when we look at a polished surface

the amount of reflected light which falls upon the retina is generally

different in the two eyes ; and hence we associate an unequal stimu-

lation of the two retinas with the idea of a polished surface. So
also when the impressions of two colours are united in binocular

vision, the result is in most cases not a mixture of the two colours,

as when the same two impressions are brought to bear together at the

same time on a single retina, but a struggle between the two colours,

now one, and now the other, becoming prominent, intermediate tints

however being frequently passed through. This may arise from the

difficulty of accommodating at the same time for the two different

colours (see p. 412); if two eyes, one of which is looking at red, and
the other at blue, be both accommodated for red raj^s, the red sensa-

tion will overpower the blue, and vice versa. It may be however that

the tendency to rhythmic action, so manifest in other simpler mani-
festations of protoplasmic activity, makes its appearance also in the

higher cerebral labours of binocular vision.

Sec. 6. The Peotective Mechanisms of the Eye.

The eyeball is protected by the eyelids, which are capable of

movements called respectively opening and shutting the eye. The
eye is shut by the contraction of the orbicularis muscle, carried out

either as a reflex or voluntary act, by means of the facial nerve.

The eye is opened chiefly by the raising of the upper eyelid, through
the contraction of the levator palpebrse carried out by means of the

third nerve. The upper eyelid is also raised and the lower depressed,

the eye being thus opened, by means of plain muscular fibres existing

in the two eyelids and governed by the cervical sympathetic. The
shutting of the eye as in winking is in general effected more rapidly

than the opening.

The eye is kept continually moist partly by the secretion of the

glands in the conjunctiva, and of the Meibomian glands, but chiefly

by the secretion of the lachrymal gland. Under ordinary circum-

stances the fluid thus formed is carried away by the lachrymal canals

into the nasal sac and thus into the cavity of the nose. When the

secretion becomes too abundant to escape in this way it overflows on
to the cheeks in the form of tears.
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If a quantity of tears be collected, they are found to form a clear

faintly alkaline fluid, in many respects like saliva, containing about
1 p. c. of solids, of which a small part is proteid in nature. Among
the salts present sodium chloride is conspicuous.

The nervous mechanism of the secretion of tears, in many respects,

resembles that of the secretion of saliva. A flow is usually brought
about either in a reflex manner by stimuli applied to the conjunctiva,

the nasal mucous membrane, tongue, optic nerve, &c, or more directly

by emotions. Venous congestion of the head is also said to cause a
flow. The efferent nerves belong either to the cerebro-spinal system,

(the lachrymal and orbital branches of the fifth nerve,) or arise from
the cervical sympathetic, the afferent nerves varying according to the
exciting cause.

Herzenstein^ and Wolferz^ shewed that stimulation of the periphex'al

end of the divided lachrymal branch of the fifth nerve produced a copious

flow of tears. After division of this branch stimulation of the nasal mucous
membrane produced no increased flow : the reflex act could not be carried

out. Stimuhxtion of the orbital (subcutaneous malar) branch also produced
an increased flow but not to so marked an extent, or so constantly as did

stimulation of the lachrymal branch. According to Wolferz^ and Reich*,

stimulation of the upper end of the divided cervical sympathetic also pro-

duces an increased flow, even after division of the lachrymal nerve ; Herzen-
steiu's results on this point were uncertain or negative. Heich also main-
tains that stimulation of the peripheral portion of the divided root of the

fifth nerve does not excite the gland, but that, after such a division, the

flow of tears may be excited in a reflex manner as usual. This would shew
that the secretory fibres in the lachrymal branch do not belong properly

to the fifth nerve. Keich believes that they come however not from the

facial, as might by analogy with the submaxillary gland be supposed, but
from the sympathetic.

The act of winking undoubtedly favours the passage of tears

through the lachrymal canals into the nasal sac, and hence when the
orbicularis is paralysed tears do not pass so readily as usual into the
nose ; but the exact mechanism by which this is effected has been
much disputed. According to some authors, the contraction of the
orbicularis presses the fluid onwards out of the canals, which, upon
the relaxation of the orbicularis, dilate and receive a fresh quantity.

Demtschenko^ states that a special arrangement of muscular fibres

keeps the canals open even during the closing of the lids, so that the
pressure of the contraction of the orbicularis is able to have full effect

in driving the tears through the canals,

1 Du Bois-Eeymond's Archiv, 1867, p. 651.
2 Dissertatio. Henle and Meissner's Bericht, 1871, p. 245.
^ Op. cit.

* Archiv f. Ophthalmol, xix. (1873) p. 38.
' Hofmann and Schwalbe's Bericht, 1873, p. 530.



CHAPTER III.

HEARING, SMELL, AND TASTE.

Sec. 1, Hearing.

As in the eye, so in the ear, we have to deal first with a nerve of

special sense, the stimulation of which gives rise to a special sensa-

tion; secondly with terminal organs through which the physical

changes proper to the special sense are enabled to act on the nerve ; and

thirdly with subsidiary apparatus, by which the usefulness of the sense

is increased. The central connections of the auditory nerve are such

that whenever the auditory fibres are stimulated, whether by means
of the terminal organs in the usual way or by the direct application of

stimuli, electrical, mechanical, &c., the result is always a sensation of

sound. Just as stimulation of the optic fibres produces no other

sensation than that of light, so stimulation of the auditory fibres pro-

duces no other sensation than that of sound \ The terminal organs

of the auditory nerve are of two kinds : the complicated organ of

Corti in the cochlea, and the epithelial arrangements of the maculae

and cristse acusticse in other parts of the labyrinth. Waves of sound

falling on the auditory nerve itself, produce no effect whatever ; it is

only when by the medium of the endolymph they are brought to

bear on the delicate and peculiar epithelium cells which constitute,

the peripheral terminations of the nerve, that sensations of sound

arise. Such delicate structures are for the sake of protection natu-

rally withdrawn from the surface of the body where they would be

subject to injury. Hence the necessity of an acoustic apparatus,

forming the middle and external ear, by which the waves of sound are

most advantageously conveyed to the terminal organs.

TJie Acoustic Apparatus.

Waves of sound can and do reach the endolymph of the labyrinth

by direct conduction through the skull. Since however sonorous

vibrations are transmitted with great difficulty from the air to solids

and liquids, and most sounds come to us through the air, some special

1 It -will be seen later on that there are reasons for thinking that impulses passing

along the auditory nerve may gi\e riS3 to other effects than auditory sensations.

F. P. 29
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apparatus is required to transfer the aerial vibrations to the liquids

of the internal ear. This apparatus is supplied by the tympanum
and its appendages.

The concha. The use of this, as far as hearing is concerned, is to

collect the waves of sound coming in various directions, and to direct

them on to the membrana tympani. In ourselves of moderate service

only, in many animals it is of great importance.

The membrana tympani. It is a characteristic property of

stretched membranes that they are readily thrown into vibration by
aerial waves of sound. The membrana tympani, from its peculiar

conformation, being funnel-shaped with a depressed centre surrounded

by sides gently convex outwards, is peculiarly susceptible to sonorous

vibrations, and is most readily thrown into corresponding movements
when waves of sound reach it by the meatus. It has moreover this

useful feature, that unlike other stretched membranes, it has no
marked note of its own. It is not thrown into vibrations by waves of

a particular length more readily than by others. It answers equally

well within a considerable range, to vibrations of very different wave-
lengths. Had it a fundamental tone of its own, we should be dis-

tracted by the prominence of this note in most of the sounds we
hear.

The auditory ossicles. The malleus, the handle of which de-

scending forwards and inwards, is attached to the membrana tym-

pani, and the incus, whose long process is connected by means of its

OS orbiculare or lenticular process and the stapes to the fenestra

ovalis, form together a body which rotates round an axis, passing

through the short process of the incus, the bodies of the incus and

malleus, and the processus gracilis of the malleus. When the mal-

leus is carried inwards, the incus moves inwards too, and when the

malleus returns to its position, the incus returns with it, the peculiar

saddle-shaped joint with its catch teeth permitting this movement
readily, but preventing the stapes being pulled back when the mem-
brana tympani with the malleus is, for any reason, pushed outwards

more than usual ; the joint then gapes, so as to permit the malleus

to be moved alone. Various ligaments, the superior or suspensory,

anterior, and external, also serve to keep the malleus in place. The
whole series of ossicles may be regarded as a lever, the fulcrum of

which is situated at the ligamental attachment of the short processus

of the incus to the posterior wall of the tympanum. The long, mal-

leal arm of this lever is about 9-^- mm., the short, stapedial, 6-3 mm.
in length ; hence the movements of the stapes are less than those

of the tympanum ; but the loss in amplitude is made up by a gain

of force, which is in itself an obvious advantage.

Thus every movement of the tympanic membrane is transmitted

through this chain of ossicles to the membrane of the fenestra ovalis,

and so to the perilymph of the labyrinth; the vibrations of the
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tympanic membrane are conveyed with increased intensity, though
with diminished amphtude, to the latter. That the bones thus
move en masse has been proved by recording their movements in

the usual graphic method. A very light style attached to the
incus or stapes is made to write on a travelling surface ; when the
membrana tympani is thrown into vibrations by a sound, the curves

described by the style indicate that the chain of bones moves with
every vibration of the tympanum. On the other hand, the com-
paratively loose attachments of the several bones is an obstacle to

the molecular transmission of sonorous vibrations through them.
Moreover, sonorous vibrations can only be transmitted to or pass
along such bodies as either are very long compared to the length
of the sound-waves, or, as ia the case of membranes and strings,

have one dimeusion very much smaller than the others. Now the
bones in question are not exceedingly thin in any dimension, but
are in all their dimensions exceedingly small compared with the
length of the vibrations of even the shrillest sounds we are capable
of hearing ; hence they must be useless for the molecular propaga-
tion of vibrations.

The tensor tympani muscle is of use in preventing the membrana
tympani being pushed out far. Its contractions, by rendering the
membrane more tense, lessen the amount of vibration, and moderate
the apparent loudness of a sound. Its activity in this direction is

regulated by a reflex action, but in some persons it seems to be
partly under the dominion of the will ; since a peculiar crackling

noise which these persons can produce at pleasure appears to be caused
by a contraction of the tensor tympani.

The stapedius muscle is supposed to regulate the movements of

the stapes, and especially to prevent its base being driven too far

into the fenestra ovalis during large or sudden movements of the

membrana tympani.

A contraction of the stapedius by itself would have the effect of pulling

the hinder end of the base of the stapes out of, and of pushing the front

end into, the fenestra ovalis; and this might give rise to a wave in the

perilymph. For speculations on this and on the reason why the stapedius

is governed by the facial and the tensor tympani by the fifth nerve, see

Budge'.
The so-called laxator tympani is considered^ to be not a muscle at all,

but a part of the ligamentous supports of the malleus.

The Eustachian Tube. This serves to maintain an equilibrium

of pressure between the external air and that within the tympanum,
and to serve as an exit for the secretions of that cavity. Were the

tympanum permanently closed the vibrations of the membrana tym-
pani would be injuriously affected by variations of pressure occurring

either inside or outside.

1 Pfliiger's ArcMv, (1874) rs. 460.
2 Helmholtz, Pfliiger's Archiv, i. (1868) 1. Henle, Anatomie, ii. 746.

29—2
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The Eustacliian tube is -nndoubtedly open during swallowing, but it

is still disputed wliether it remains permanently open, or is opened only

at intervals.

Auditory Sensations.

Eacli vibration communicated by tbe stapes to the perilymph

travels as a wave over the vestibule, the semicircular canals, and
other parts of the labyrinth, and is there transmitted to the endo-

lymph ; it passes on from the vestibule into the scala vestibuli of the

cochlea, and descending the scala tympani, ends as an impulse against

the membrane of the fenestra rotunda. In the maculae and cristse

the vibrations of the endolymph are supposed to throw into corre-

sponding vibrations the so-called auditory hairs. In the cochlea the

vibrations of the perilymph are supposed to throw into vibrations

the basilar membrane wath the superimposed organ of Corti, consist-

ing of the rods of Corti with the inner and outer hair-cells. The
vibrations thus transmitted to these structures give rise to nervous

impulses in the terminations of the auditory nerves, and these im-

pulses reaching certain parts of the brain produce what we call

auditory sensations. We are accustomed to divide our auditory

sensations into those caused by noises and those caused by musical

sounds. It is the characteristic of the latter that the vibrations

which constitute them are periodical; they occur and recur at regular

intervals. When no periodicity is present in the vibrations, when
the repetition of the several vibrations is irregular, or the period so

complex as not to be readily appreciated, the sensation produced is

that of a noise. There is however no abrupt line between the two.

Between a pure and simple musical sound produced by a series of

vibrations each of which has exactly the same wave-length, and a

harsh noise, in which no consecutive vibrations may be alike, there

are numerous intermediate stages.

In both noises and musical sounds we recognise a character

which we call loudness. This is determined by the amplitude of the

vibrations ; the greater the disturbance of the air (or other medium)
the louder the sound. In a musical sound we recognise also a

character which we call pitch. This is determined by the wave-

length of the vibrations; the shorter the wave-length, the larger

the number of consecutive vibrations which fall upon the ear in a

second, the higher the pitch. We are able to speak of a whole

series of tones or musical sounds of different pitch, from the lowest

to the highest audible tone. And even in many noises we can, to a

certain extent, recognise a pitch, indicating that among the multi-

farious vibrations there is a periodicity with fixed intervals.

Lastly, we distinguish musical sounds by their quality ; the same

note sounded on a piano and on a violin produce very different sen-

sations, even when a series of vibrations having in each case the same

period of repetition is set going. This arises from the fact that the
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musical sounds generated by most musical instruments are not simple

but compound vibrations. When the note C in the treble for in-

stance is struck on the piano, it is perfectly true that a series of

vibrations with a period characteristic of the pure tone of the treble

C are started, but it is also true that those vibrations are accom-

panied by other vibrations with periods characteristic of the C in the

octave above, of the G above that, of the in the next octave, and of

the E above that. And it is the effect of all these vibrations together

on the ear which causes the sensation which we associate with the

sound of the treble C on the piano. Almost all musical sounds are

thus composed of what is called a 'fundamental tone' accompanied by
a number of ' overtones.' And the overtones varying in number and
relative prominence in different instruments, give rise to a difference

in the sensation caused by the whole tone. So that while the funda-

mental tone determines the pitch of the sound, the quality of the

sound is determined by the number and relative prominence of the

overtones. In a similar way we distinguish the quality of noises, such

as a banging, crackling, or rustling noise, by the predominance of

vibrations having a less orderly character, and recurring less regularly

than those of a musical sound.

Since we have a very considerable appreciation, capable by exer-

cise of astonishing enlargement, of the loudness, pitch, and quality of

a wide range of noises and musical sounds, it is clear that, within the

limits of hearing, each vibration or series of vibrations must produce

its effect on the auditory nerves, according to the measure of its

intensity and period. Out of those effects, out of the sensory im-
pulses to which the several vibrations thus give rise, are generated

our sensations of the noise or of the sound.

The vibrations of a musical sound (and since noises are so im-

perfectly understood, we may, with benefit, chiefly confine ourselves

to musical sounds), as they pass through the air (or other medium)
are not discrete ; the vibrations corresponding to the fundamental
tone and overtones do not travel as so many separate waves ; they

all together form one complex disturbance of the medium ; and it is

as one composite wave that the sound falls on the membrana tympani,

and passing through the auditory apparatus, breaks on the termina-

tions of the auditory nerve. And when two or more musical sounds

are heard at the same time, the same fusion of waves occurs. Since

we can distinguish several tones reaching our ear at the same time, it

is clear that we must possess in our minds or in our ears some
means of analysing these composite waves of sound which fall on
our acoustic organs, and of sorting out their constituent vibrations.

There is at hand a simple and easy physical method of analysing

composite sounds. If a person standing before an open piano sings

out any note, it will be observed that a number of the strings of

the piano will be thrown into vibration, and on examination it will

be found that those strings which are thus set going correspond in

pitch to the fundamental tone and to the several overtones of the note
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sung. The note sung readies the strings as a complex wave, but
these strings are able to analyse the wave into its constituent vibra-
tions, each string taking up those vibrations and those vibrations
only which belong to the tone given forth by itself when struck. If

we suppose that each terminal fibril of the auditory nerve is con-
nected with an organ so far like a piano-string that it will readily
vibrate in response to a series of vibrating impulses of a given
period and to none other, and that we possess a number of such
terminal organs sufficient for the analysis of all the sounds which we
can analyse, and that each terminal organ so affected by particular

vibrations gives rise to a sensory impulse and thus to a sensation of

a distinct character—if we suppose these organs to exist, our ap-
preciation of sounds is in a large measure explained. In the organ
of Corti we find structures the arrangement of which irresistibly

suggests to us that these are the organs we are seeking. We have
only to suppose that of the long series of rods of Corti, varying regu-'

larly as these do from the bottom to the top of the spiral, in length
and in the span of their arch, each pair will vibrate in response to a
particular tone, and the whole matter seems explained. But the more
the subject is inquired into, the more complex and difficult it appears;
and we are obliged to conclude that the part played by the rods of

Corti is only a subordinate part of the function of the whole organ of

Corti.

In the first place, it is difficult to see how the rods of Corti, even if

they are thrown into vibration, can originate sensory impulses, for the

fibrils of the auditory nerve terminate in the inner and outer hair-cells,

and it is in these cells, and not along the course of the fibrils as they pass

under and between the rods of Corti, that the sensory impulses must begin.

In the second place, the variation in length of the fibres along the series is

insufficient for the work assigned to them. Moreover, they appear not
to be elastic. Lastly, they are wholly absent in birds, who very clearly

can appreciate musical sounds. This last fact proves indubitably that the

rods in question are not absolutely essential for the recognition of tones.

In the face of these difficulties it has been suggested that the basilar

membrane, which is present in birds, and which, being tense radially

but loose longitudinally, i.e. along the spiral of the cochlea, may, as

physical investigations shew, be considered as consisting of a number of

parallel radial strings, each capable of independent vibrations, is the sought-

for organ of analysis. According to this view, a particular vibration reach-

ing the scala tympani of the cochlea throws into sympathetic vibrations a

small portion of the basilar membrane, the vibrations of which in turn

so aSect the structures overlying it, that sensory impulses are generated.

These sensory impulses reaching the brain give rise' to a corresponding

sensation of a particular tone. According to Hensen the radial dimensions

of the basilar membrane in man diminish downwards from "495 mm.
at the hamulus to '04125 mm. near the bottom of the spiral, giving a much
greater range than the rods of Corti, the difference in length of which
is simply between "048 and "OSS mm. for the innei', and between '019 and
•085 for the outer, fibres.
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The remarkable reticular membrane wbicli has such peculiar relations

with the hair-cells, and through them with the basilar membrane, must,

one might imagine, have some special function; but it is impossible to

assign to it any satisfactory duty. The structural arrangements seem, if

anything, to indicate that when a segment of the basilar membrane is

thrown into vibrations, the overlying hair-cells, reticular membrane, and
rods of Corti vibi-ate en masse together with it. But this renders the

whole matter still more difficult. Indeed the whole subject is in the

highest degree obscure, and the most we can say is that the organ of Corti

as a whole seems to be in some way connected with the appreciation of

tones, but that at present it is very hazardous to attempt to explain how it

acts, or to assign particular functions to particular parts. The distinc-

tion between the inner and outer hair-cells seems to be very parallel to that

between the rods and the cones of the retina; but even this analogy may
be a fallacious one.

Hensen has observed that among the auditory hairs of the Crustacea,

some will vibrate to particular notes; but the auditory hairs of the

mammal are far too much of the same length to permit the supposition

that they can act as organs of analysis.

If the organ of Corti is the means by which we appreciate tones, it

is evident that by it also we must be able to estimate loudness, for the

quality of a musical sound is dependent on the relative intensity, as well

as on the nature, of the overtones. And since noise is at best but confused

music, the cochlea must be a means of appreciating noises as well as

sounds. But this would leave nothing whatever for the rest of the

labyrinth to do as far as the appreciation of sound was concerned. We
have no reason to think that any impulse which could affect the hair-cells

of the maculae and cristas could not affect the hair-cells of the organ of

Corti. That this part of the ear is however concerned in conscious hearing

is shewn by its being the only auditory organ in the ichthyopsida, unless we
suppose that in the higher vertebrates its function has been wholly trans-

ferred to the cochlea. That the semicircular canals have duties apart

from conscious hearing we shall shew later on.

Concerning the function of the other parts of the internal ear v/e know
very little. The otoliths have been supposed to intensify the vibrations

of the endolymph; but since apparently they are lodged in a quantity of

mucus it is probable that they really act as dampers. A similar damping
action has been suggested for the membrane of Corti {membrana tectoria)

overhanging the fibres and hair-cells; and some writers have supposed that

muscular fibres present in the planum semilunare may by tightening the

basilar membrane serve as a sort of accommodating mechanism.

It must however be borne in mind that even making the fullest

allowance for the assistance afforded us by the organ of Corti, the
appreciation of any sound is ultimately a mental act. The analysis

of the vibrations by the fibres of Corti or the basilar membrane is

simply preliminary to a synthesis of the sensory impulses so generated

into a complex sensation. We do not receive a distinct series of

specific auditory impulses resulting in a specific sensation for every

possible variation in the wave-length of sonorous vibrations any more
than we receive a distinct series of specific visual impulses for every
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possible "wave-length of luminous vibrations. In each case we have
probably a number of primary sensations, from the various mingling
of which, in different proportions, our varied complex sensations arise

;

the difference between the eye and the ear being that whereas in the

former the number of primary sensations appears to be limited to

three, viz. red, green, and violet ; in the latter, thanks to the organ of

Corti, the number is very large ; what the exact number is we cannot

at present tell. Our appreciation of a sound is at bottom an appre-

ciation of the combined effect produced by the relative intensities to

which the primary auditory sensations are, with the help of the organ

of Corti, excited by the sound.

Whatever be the explanation of -the manner in which our distinct

auditory sensations arise, the range and precision of our appreciation

of musical sounds is very great. Vibrations with a recurrence below
30 a second are unable to produce a sensation of sound ; if the waves
are powerful enough we may feel them, but we do not hear them if

the vibrations are simple, and such as would give rise to a pure tone

;

if the fundamental tone is accompanied by overtones we may hear

these and are thus apt to say we hear the former when in reality

we only hear the latter. The note of the 16-feet organ pipe, 83
vibrations a second, gives us the sensation of a droning sound. A
tone of 40 vibrations is however quite distinct. In the other direc-

tion it is possible to hear a note caused by 38,000 vibrations a

second, though the limit for most persons is far lower, about 16,000\
Some persons hear grave sounds more easily than high ones, and vice

versa. This may be so pronounced as to justify the subjects being

spoken of as deaf to grave or high tones respectively.

The power of distinguishing one note from another varies, as is

well known, in different individuals, according as they have or have
not a ' musical ear.' A well-trained ear can distinguish between
1000 and 1001 vibrations a second. The range of an ordinary ap-

preciation of tones lies between 40 and 4000 vibrations a second,

i. e. between the lowest bass C (C^ 33 vibrations) and the highest

treble C (C^ 4224 vibrations) of the piano ; tones above and below
these, even when audible, being distinguished from each other with
great difficulty.

When two consecutive sounds follow each other at a sufficiently

short interval the sensations are fused into one. In this respect audi-

tory sensations are of shorter duration than ocular sensations. When
ocular sensations are repeated ten times in a second they become
fused (p. 41 G), whereas the ticks of a pendulum beating 100 in a
second are readily audible as distinct sounds. When two tuning-

forks not quite in tune are struck together the interference of the

vibrations gives rise to an alternating rise and fall of the sound, known
as ' beats.' When the beats follow each other as rapidly as 132 in a

1 Helmholtz, Tonempfindungen, p. 30. Cf. Preyer (Grenzen der Tonwahrnehmung.
Physiolog. Ahhandlungen. i. 1, 1876), who places the grave limit as varying from 15 to

24, and the acute limit from 16,000 to 40,000 vibrations per sec.



Chap, hi.] HEARING. 457

second they cease to be recognized, that is to say, the sensations

which they cause become fused. Just before they disappear they

give a peculiar disagreeable roughness to the sound. The pleasure

given by musical sounds depends largely on the absence of this in-

complete fusion of sensations.

Corresponding to entoptic phenomena there are various entotic

phenomena, sensations or modifications of sensations originating in

the tympanum or in the labyrinth ; moreover sensations of sound may
rise in the auditory nerve or in the brain itself, without any vibration

whatever falling on the labyrinth.

Auditory Judgments.

In seeking for the cause of our visual sensations we invariably

refer to the external world. The sensation caused by a direct stimu-

lation of the optic nerve or retina by a blow or a galvanic current,

we identify with that caused by a flash of light. A sensation arising

from any stimulation of the left side of our retina we regard as

caused by some object on the right-hand side of our external visible

world. In a similar way, but to a less extent, we project our auditory

sensations into the world outside us, and when the auditory nerve is

affected we seek the cause in vibrations starting at a greater or less

distance from us. We do not think of the sound as originating in the

ear itself

This mental projection of the sound is much more complete when
the ear is stimulated by vibrations reaching it through the membrana
tympani than when the vibrations are conducted by the solids of the

head directly to the perilymph of the labyrinth. When the meatus
externus is filled with fluid and the vibrations of the membrana
tympani are in consequence interfered with, the apparent outwardness

of sounds is to a very large extent lost; sounds, however caused, seem
under these circumstances to arise in the ear. Hence it would
seem that our judgment of the objectiveness of sounds is largely

dependent on coincident sensations derived in some way or other

from the tympanum.

When sounds impinge on the solids of the head, as when a watch is

held between the teeth, the membrana tympani is still functional. Vibra-

tions are conveyed from the temporal bone to it and hence pass in the

usual way, in addition to those transmitted directly from tlie bone, to the

perilymph.

Our judgment of the distance of sounds is very limited. A sound

whose characters we know appears to us near when it is loud, and far

off when it is faint. A blindfold person will be unable to distin-

guish between the difference of intensity produced by a tuning-

fork being held before him, first with the broad edge of the fork

towards him and then with the narrow edge, and the difference

caused by the removal of the tuning-fork to a distance. We can on
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the whole better appreciate the distance of noises than of musical
sounds.

Our judgment of the direction of sounds is also very limited.

Our chief aid in this is the position in which we have to place the

head in order that we may hear the sound to the best advantage. If

a tuning-fork be held in the median vertical plane over the head,

though it is easy to recognize it as being in the median plane, it

becomes very difficult when the eyes are shut to say what is its posi-

tion in that plane, i. e. whether it is more towards the front or

back of the head. In this respect, too, our appreciation is more ac-

curate in the case of noises than of musical sounds, with the exception

of those given out by the human voice, the direction of which can be
judged better than even that of a noise.

Sec. 2. Smell.

Odoriferous particles present in the inspired air passing through
the lower nasal chainbers diffuse into the upper nasal chambers, and
falling on the olfactory epithelium produce sensory impulses which,
ascending to the brain, give rise to sensations of smell. We may
presume that the sensory impulses are originated by the contact of

the odoriferous particles with the peculiar rod-shaped olfactory cells

described by Max Schultze ; but we are as much in the dark about
this matter as about the development of visual sensory impulses in

the rods and cones or auditory sensory impulses in the organ of Corti.

The subsidiary apparatus of smell is exceedingly meagre. By the

forced nasal inspiration, called sniffing, we draw air so forcibly through
the nostrils that currents pass up into the upper as well as the lower
nasal chambers ; and thus a more complete contact of the odoriferous

particles with the olfactory membrane than that supplied by mere
diffusion is provided for.

We have every reason to think that any stimulus applied to the

olfactory nerve will produce a sensation of smell ; but the proof

of this is not so clear as in the case of the optic and auditory nerves.

We are, however, subject to sensations of smell not caused by ob-

jective odours. The olfactory membrane is the only part of the body
in which odours as such can give rise to any sensations ; and the

sensations to which they give rise are always those of smell. The
mucous membrane of the nose is however also an instrument for the

development of afferent impulses other than the specific olfactory

ones. C'hemical stimulation of the nasal membrane by pungent sub-

stances such as ammonia gives rise to a sensation distinct from that of

smell, a sensation which affords us no information concerning the

chemical nature of the stimulus, and which is indistinguishable from
the sensations produced by chemical stimulation of other surfaces

equally sensitive to chemical action. It is probable, but not certain,

that these two kinds of sensations are conveyed by different nerves,

the former by the olfactory, the latter by the fifth nerve.
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For the development of smell it appears necessary that the odori-

ferous particles should be conveyed to the nasal membrane in a
gaseous medium, or at least that the surface of the membrane should

be exposed to air. When the nostril is filled with rose-water, the

odour of roses is not perceived ; and simply filling the nostrils with

distilled water suspends for a time all smell, the sense returning

gradually after the water has been removed.

Each odour that we smell causes a specific sensation, and we are

not only able to recognize a multitude of distinct odours, but also to

distinguish individual odours in a mixed smell.

As in the previous senses, we project our sensation into the

external world; the smell appears to be not in our nose, but some-

where outside us. We can judge of the position of the odour however
even less definitely than we can of that of a sound.

The sensation takes some time to develope after the contact of the

stimulus with the olfactory membrane, and lasts very long. When
the stimulus is repeated the sensation very soon dies out; the sensory

terminal organs speedily become exhausted. Mental associations

cluster more strongly round sensations of smell than round any other

impressions we receive from without. And reflex effects are very

frequent, many people fainting in consequence of the contact of a few

odoriferous particles with their olfactory cells.

Apparently the larger the surface the more intense the sensation;

animals with acute scent having a proportionately large area of olfac-

tory membrane. The quantity of material required to produce an
olfactory sensation may be, as in the case of musk, almost immeasur-
ably small.

When two different odours are presented to the two nostrils, an

oscillation of sensation similar to that spoken of in binocular vision,

(p. 448) takes place.

The assertion that the olfactory nerve is the nerve of smell has been
disputed. Majendie asserted that animals could still smell after the removal

of the olfactory lobes ; but the stimulus which he applied was ammonia, in

no way a test of smell. Biffi, operating on blind puppies, came to the con-

clusion that true smell disappeai-ed after destruction of the olfactory lobes.

Bernard' records a case of a woman who had been a cook, and who ap-

peared to have possessed the sense of smell, and yet in whom the olfactory

lobes were absent. On the other hand, it is stated that section or injury

of the fifth nerve causes a loss of smell though the olfactory nerve remains

intact; but in these cases it has not been shewn that the olfactory mem-
brane remains intact, and it is quite possible that, as in the case of the eye,

changes may take place in the nasal membrane as the result of the injury to

the fifth nerve, sufiicient to prevent its performing its usual functions.

1 Syst. Nerv. ii. 228.
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Sec. 3. Taste.

Tlie word taste is frequently used when the word smell ought to

be employed. We speak of ' tasting ' odoriferous substances, such as

an onion, wines, &c., when in reality we only smell them as we hold

them in our mouth ; this is proved by the fact that the so-called taste

of these things is lost when the nose is held, or the nasal membrane
rendered inert by a catarrh.

The terminal organs of the sense of taste thus more strictly de-

fined, are the endings of the glossopharyngeal and lingual nerves in

the mucous membrane of the tongue and palate, those nerves serving

as the special nerves of taste. The subsidiary apparatus is confined

to the tongue and lips, which by their movements assist in bringing

the sapid substances into contact with the mucous membrane of the

mouth.

The so-called gustatory buds cannot be regarded as specific organs of

taste, since they occur in places (e. g. epiglottis) wholly devoid of taste.

Though we can hardly be said to project our sensation of taste

into the external world, we assign to it no subjective localisation.

When we place quinine in our mouth, the resulting sensation of taste

gives us no information as to where the quinine is, though we may
learn that by concomitant general sensations arising in the buccal

mucous membrane.
We recognize a multitude of distinct tastes, which may be broadly

classified into acid, saline, bitter and sweet tastes. Sapid substances

have the power of producing these sensations by virtue of their

chemical nature. But other stimuli will also give rise to sensations

of taste. When the tongue is tapped, a taste is felt ; and when a

constant current is passed through the mouth, an alkaline taste is

developed when the anode, and an acid taste when the kathode, is

placed on the tongue. It is probable that in these cases the terminal

organs are affected. When hot or pungent substances are introduced

into the mouth, sensations of general feeling are excited, which
obscure any strictly gustatory sensations which may be present at the

same time.

Though analogy would lead us to suppose that a stimulus applied

to any part of the course of the real gustatory fibres of either the

glossopharyngeal or lingual nerves, would give rise to a sensation of

taste and nothing else, the proof is not forthcoming ; since both these

nerves are mixed nerves containing other afferent fibres as well as

those of taste.

When the constant current is used as a means of exciting taste,

gustatory sensations are found to be developed in the back, edges and
tip of the tongvie, the soft palate with the anterior pillar of the fauces

and a small tract of the posterior part of the hard palate. They arc

absent from the anterior and middle dorsum, and under surface of the
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tongue, the front portion of the hard palate, the posterior pillars of

the fauces, the gums and the lips. Sapid substances are unsuitable

as a test for this purpose, on account of their rapid diffusion. Bitter

substances produce most effect when placed on the back of, and sweet

substances when placed on the tip of the tongue. It is said that

acids are best appreciated by the edge of the tongue.

It is essential for the development of taste, that the substance to

be tasted should be dissolved ; and the effect is increased by friction.

The larger the surface the more intense the sensation. The sensation

takes some time to develope, and endures for a long time, though this

may be in fact due to the stimulus remaining in contact with the

terminal organs. A temperature of about 40" is the one most favour-

able for the production of the sensation. At temperatures much
above or below this, taste is much impaired. The nerves of taste are,

as we have said, the glossopharyngeal and the lingual or gustatory.

The former supplies the back of the tongue, and section of it destroys

taste in that region. The latter is distributed to the front of the

tongue, and section of it similarly deprives the tip of the tongue of

taste. There is no reason for doubting that the gustatory fibres in

the glossopharyngeal are proper fibres of that nerve ; but it has been

urged by many, that the gustatory fibres of the lingual are derived

from the chorda tympani, and that those fibres of the lingual which

come from the fifth are employed exclusively in the sensations of

touch and feeling.

The arguments in favour of this latter view are as follow. Cases

have been observed in which the fifth nerve has been destroyed in the

cranium, and yet taste in the front of the tongue has not been lost.

Cases have been observed where the chorda tympani has been diseased,

or injured in the tympanum, and where taste has been impaired. It is

asserted that when the lingual is divided above the junction of the chorda,

taste in the front of the tongue is not lost, while it disappears after section

of the united lingual and chorda. It is also stated that the glossopharyngeal

having been divided, and taste in consequence confined to the front part

of the tongue, subsequent section of the chorda within the tympanum
has removed taste altogether. On the other hand, cases have been ob-

served where the fifth was alone diseased and yet taste was lost (in the

front of the tongue); and it is moreover iirged that while stimulation of

the central end of a divided chorda gives rise to no sensation of taste,

stimulation of an undivided chorda might give rise to such sensations

by simply promoting a flow of saliva, and that division of the chorda

might affect taste by interfering with the normal flow of saliva. And
even if the chorda contained gustatory fibres these might have their

ultimate origin in the fifth, coming from that nerve to the facial by the

spheno-palatine ganglion and superficial petrosal nerve.
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FEELING AND TOUCH.

Sec, 1. General Sensibility and Tactile Peeceptions.

We have taken the foregoing senses first in the order of discussion

on account of their being eminently specific. The eye gives us only

visual sensations, the ear only auditory sensations. The sensations

are produced in each case by specific stimuli ; the eye is only affected

by light and the ear by sound. Moreover, the information they

afford us is confined to the external world; they tell us nothing about

ourselves. The various visual sensations which arise in our retina

are referred by us not to the retina itself, but to some real or

imaginary object in the world without (including as part of the

external world such portions of our own bodies as are visible to our-

selves). Such also with diminishing precision is the information

gained by hearing, taste and smell.

All the other afferent nerves of the body, centripetal impulses

along which are able to affect our consciousness, are the means of

conveying to us information concerning ourselves. The sensations,

arising in them from the action of various stimuli, are referred by us

to appropriate parts of our own body. When any body comes in

contact with our finger, we know that it is our finger which has been

touched ; from the resultant sensation we not only learn the existence

of certain qualities in the object touched, but we also are led to

connect the cognizance of those qualities with a particular part of

our own body.

Like the more specific senses previously studied, the sensations of

which we are now speaking, and which may be referred to under the

name of touch, using that word for the present in a wide meaning,

require for their production terminal organs ; and the chief but not

exclusive organ of touch is to be found in the epidermis of the skin

and certain underlying nervous structures. For the development of

specific tactile sensations these terminal organs are as essential as are

the terminal organs of the eye for sight or of the ear for hearing.

Contact of the skin with a hard or with a hot body gives rise to

distinct sensations, whereby we recognize that we have touched a

hard or a hot body. But the application of either body or of an}'-

other stimulus to a nerve-trunk gives rise to a sensation of general
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feeling only, corresponding to the simple sensation of light which is

produced by direct stimulation of the optic nerve. We have no more

tactile perception of a body which is in contact with a nerve-trunk

than we could have visual perception of any luminous object, the rays

proceeding from which were strong enough to excite sensory im-

pulses when directed on to the optic nerve instead of on to the retina,

supposing such a thing to be possible. It is further characteristic of

these ordinary nerves of general feeling, that the sensations caused

by any stimulation of them beyond a certain degree develope that

state of consciousness which we are in the habit of speaking of as

'pain.' Putting aside the general feeling which many parts of

the eye possess, a very strong luminous stimulation of the retina is

required to produce a sensation of pain, if indeed it can be at all

brought about, whereas a very moderate stimulation of the skin, and

almost every stimulation of an ordinary nerve-trunk, is said by us

to be painful.

The stimuli which, when applied to the skin, give rise to tactile

perceptions are of two kinds only: (1) mechanical, that is, the contact

of bodies with varying degrees of pressure; and (2) thermal, i.e. the

raising or lowering of the temperature of the skin by the approach or

contact of hot or cold bodies. We can judge of the weight and of

the temperature of a body, because we can, through touch, perceive

how much it presses when allowed to rest on our skin or how
hot it is. But we can through touch derive no other perceptions and

form no other judgments. An electric shock sent through the skin

will give rise to a sensation, but the sensation is an indefinite one,

because the electric current acts not on the terminal organs of touch,

but on the fine nerve-branches of the skin. We cannot distinguish

the sensation so caused from a mechanical prick of similar intensity, we
cannot perceive that the sensation is caused by an electric current.

Similarly certain chemical substances such as a strong acid will give

rise to a sensation, but we cannot perceive the acid, we can form no

judgment of its nature such as we could if we tasted it ; and if the

acid does not permeate the skin so as to act directly and chemically

on the fine nerve-fibres, we cannot distinguish the acid from any

other liquid giving rise to the same simple contact impressions. The
terminal organs of the skin are such as are only affected by pressure

or by temperature. Conversely pressure or variations in temperature

brought to bear on a nerve-trunk, instead of on the terminal organs,

produce no specific tactile sensations of pressure or temperature, but

merely general sensations of feeling rapidly rising into pain.

Sec. 2. Tactile Sensations,

Sensations of Pressure.

As with visual, so with tactile and indeed with all other sen-

sations, the intensity of the sensation maintains that general relation
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to the intensity of the stimulus whicli we spoke of at p. 418 as being

formulated under Fechner's law. We can distinguish the difference

of pressure between one and two grammes as readily as we can that

between ten and twenty or one hundred and two hundred.

When two sensations follow each other in the same spot at a
sufiQciently short interval they are fused into one ; thus, if the finger

be brought to bear lightly on a rotating card having a series of holes

in it, the holes cease to be felt as such when they follow each other at

a rapidity of about 1500 in a second. The vibrations of a cord cease

to be appreciable when they reach the same rapidity. When sensa-

tions are generated at points of the skin too close together they

become fused into one ; but to this point we shall return presently.

The sensation caused by pressure is at its maximum soon after its

beginning, and thenceforward diminishes. The more suddenly the

pressure is increased, the greater the sensation; and an increase

of pressure, if it be sufficiently gradual, will 'not give rise to any.

sensation. A sensation in any spot is increased by contrast with

surrounding areas not subject to pressure. Thus if the finger be

dipped into mercury the pressure will be felt most at the surface of

the fluid ; and if the finger be drawn up and down, the sensation

caused will be that of a ring moving along the finger.

All parts of the skin are not eqiially sensitive to pressure ; small

differences of simple pressure are more readily appreciated when
brought to bear on the palmar surface of the finger, or on the fore-

head, than on the arm or on the sole of the foot. In making these

determinations all muscular movement should be avoided in order to

eliminate the muscular sense of which we shall speak presently ; and
the area stimulated should be as small and the surfaces in contact as

uniform as possible. In a similar manner small consecutive varia-

tions of pressure, as in counting a pulse, are more readily appreciated

by certain parts of the skin than by others; and the minimum of

pressure which can be felt differs in different parts. In all cases

variations of pressure are more easily distinguished when they are

successive than when they are simultaneous.

Sensations of Temperature.

When the temperature of the skin is raised or lowered in any
spot we receive sensations of heat and cold respectively ; and by these

sensations of the temperature of our own skin we form judgments of

the temperature of bodies in contact with it. Bodies of exactly the

same temperature as our skin produce no such thermal sensations,

though we can, from the very absence of sensations, form a judgment
as to their temperature ; and good conductors of heat appear respec-

tively hotter and colder than bad conductors raised to the same
temperature.

We may consider tLe skin as having at any given time and in any
given spot a normal temperature at which the sensation of temperature is
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at zero ; for under ordinary circumstances we are not directly conscious of

the temperature of our skin ; it is only when the normal temperature at

the spot is raised or lowered that we have a sensation of heat or cold

respectively. This normal temperature may be at the same time different

in different parts of the body ; thus at a time when neither the forehead

nor the hand are giving rise to any sensation of temperature, we may, by
putting the hand to the forehead, frequently feel the former hot or cold

because the normal temperatures of the two parts differ. The normal

temperature in any spot may also vary from time to time. Thus when
the hand is placed in a warm medium for some time, the sensation of

warmth ceases ; a new normal temperature is established with the zero

of sensation at a higher level, a depression or elevation of this new tem-

perature giving rise however as before to sensations of heat and cold

respectively. That it is the changed condition, and not the change itself,

of which we are conscious is shewn by the fact that when a portion of skin

is cooled, by brief contact with a cold metal for instance, we are still con-

scious of the spot being cold after the cooling agent has been removed and the

cooled spot is in reality being heated by the surrounding warmer tissues*.

The change in temperature of the skin necessary to produce a

sensation must have a certain rapidity ; and the more gradual the

change the less intense the sensation. The repeated dipping of the

hand into hot water produces a greater sensation than when the hand
is allowed to remain all the time in the water, though in the latter

case the temperature of the skin is most affected. The same effect

of contrast is seen in these sensations as in those of pressure.

We can with some accuracy distinguish variations of temperature,

especially those lying near the normal temperature of the skin. These
sensations, in fact, follow Fechner's law, though apparently sensations

of slight cold are more vivid than those of slight heat, so that the

range of most accurate sensation lies between 27° and 83°. The
regions of the skin most sensitive to variations in temperature are

not identical with those most sensitive to variations in pressure. Thus
the cheeks, eyelids, temples and lips, are more sensitive than the

hands. The least sensitive parts are the legs, and front and back of

the trunk.

The simplest view which can be taken with regard to the distinction

between pressure and temperature sensations is to suppose that two
distinct kinds of terminal organs exist in the skin, one of which is af-

fected only by pressure, and the other only by variations in temperature

;

and that the two kinds of peripheral organs are connected with different

parts of the central sensory organs by separate nerve-fibres. Certain

pathological cases have been quoted" as shewing not only that this is

the case, but that the two sets of fibres pursue different courses in the

spinal cord. Thus in certam diseases or injuries to the brain or spinal

cord, hypersesthesia as regards temperature has been observed unaccom-

panied by an augmentation of sensitiveness to pressure ; and convei'sely

1 Hering, Wien. Sitzungshericht, lxxv. (1877).
2 Brown-Sequard, Journ. d. Phijs. 1863, Vol.viii. Arcliives de Phys. 1868, Vol. i.

F. P. 30
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instances liave been seen wliere tlie patient could tell when lie was tonclied,

but could not distinguisli between hot and cold. Against this view it

might be urged that these pathological cases have not received the critical

examination which they demand; and that there are facts which shew
a close dependence between the sensations of pressure and temperature.

When each stimulus is brought to bear on a very limited area, the two
sensations are fi-equently confounded, and Weber has pointed out that

cold bodies feel heavier than hot bodies of the same weight, No case has

yet been recorded where a hot body, a cold body, and a body of the

temperature of the skin, all felt exactly alike, when each was applied with

the same pressure; and the cases where a hot sponge or spoon was felt

(because it was hot), and yet the sensation was confounded with one of

pressure, indicate that the same terminal organs are affected by both

stimixli.

With regard to the nature of the terminal organs in the skin, it

may be stated that the corpuscula tactus were regarded by their

discoverers as specific organs of touch. The end-bulbs of Krause
have also been regarded in the same light. But the evidence we
possess concerning this matter is at present inconclusive.

Sec. 3. Tactile Perceptions and Judgments.

When a body presses on any spot of our skin, or when the tem-
perature of the skin at that spot is raised, we are not only conscious

of pressure or of heat, but perceive that a particular part of our body
has been touched or heated. We refer the sensations to their place

of origin, and we thus by touch perceive the relations to ourselves of

the body which gives rise to the tactile sensations, in the same
way as in our visual perception of external objects we refer to external

nature the sensations originating in certain parts of the retina.

When we are touched on the finger and on the back we refer the

sensations to the finger and to the back respectively, and when we
are touched at two places on the same finger at the same time we
refer the sensations to two points of the finger. In this way we can

localize our sensations, and are thus assisted in perceiving the space

relations of objects with which we come in contact.

This power of localizing pressure-sensations varies in different

parts of the body. The following table from Weber gives the distance

at which two points of a pair of compasses must be held apart, so that

when the two points are in contact with the skin, the two consequent

sensations can be localized with sufficient accuracy to be referred

to two points of the body, and not confounded together as one.

Tip of tongue

Palm of last phalanx of finger

Palm of second „ „

Tip of nose

White i}art of h^js

1*1 mm.
2-2 „
4-4 „
6-6 „
«-8 ,.
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Back of second phalanx of finger

Skin over malar bone
Back of hand
Forearm
Sternum
Back

11 "10 mm.
15-4 „
29-8 „

89-6 „
44-0 „

660 „

And a very similar distribution has been observed in reference to

the localisation of sensations of temperature. As a general rule it

may be said that the more mobile parts are those by which we can

thus discriminate sensations most readily. The lighter the pressure

used to give rise to the sensations, the more easily are two sen-

sations distinguished; thus two points which, when touching lightly,

appear as two, may, when firmly pressed, give rise to one sensation

only. The distinction between the sensations is obscured by neigh-

bouring sensations arising at the same time. Thus two points

brought to bear within a ring of heavy metal pressing on the skin,

are readily confused into one. And it need hardly be said that

these tactile perceptions, like all other perceptions, are immensely
increased by being exercised.

Our ' field of totich,' if we may be allowed the expression, is composed

of tactile areas or units, in the same way that oiu' field of vision is com-

posed of visual areas or units. The tactile sensation is, like the visual

sensation, a symbol to us of some extei'nal event, and we refer the sensation

to its appropriate place in the field of touch. All that has been said (p. 420)

concerning the subjective natiu'e of the limits of visual areas, applies equally

well, mutatis mutandis, to tactile areas. When two points of the compasses

are felt as two distinct sensations, it is not necessary that two and only two
nerve-fihres should be stimulated; all that is necessary is that the two
.cerebral sensation-areas should not be too completely fused together. The
improvement by exercise of the sense of touch must be explained not by an
increased development of the terminal organs, not by a gi'owth of new
nerve-fibres in the skin, hut by a more exact limitation of the sensational

areas in the brain, by the development of a resistance which limits the

radiation taking place from the centres of the several areas.

By a multitude of simultaneous and consecutive tactile sensations

thus converted into perceptions we are able to make ourselves ac-

quainted with the form of external objects. We can tell by varia-

tions of pressure whether a surface is rough or smooth, plane or

curved, what variations of surface a body presents, and how far it is

heavy or light ; and from the information thus gained we build up
judgments as to the form and nature of objects, judgments however
which are most intimately bound up with visual judgments, the

knowledge derived by one sense correcting and completing that ob-

tained by the other. As in other senses so in this, our sensations

may mislead us and cause us to form erroneous judgments. This is

well illustrated by the so-called experiment of Aristotle. It is im-

possible in an ordinary position of the fingers to bring the radial

SO—

2
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side of the middle finger and the ulnar side of the ring finger to

bear at the same time on a small object such as a marble. Hence
when with the eyes shut we cross one finger over the other, and
place a marble between them so that it touches the radial side of

the one and the ulnar side of the other, we recognize that the object

is such as could not under ordinary conditions be touched at the

same time by these two portions of our skin, and therefore judge

that we are touching not one but two marbles.

Distinct tactile sensations are, as we have seen, produced only

when a stimulus is applied to a terminal organ. When sensations

or affections of general sensibility other than the distinct tactile sen-

sations are developed in the termination of a nerve, we are able,

though with less exactitude, to refer the sensation to a particular part

of the body. Thus when we are pricked or burnt, we can feel where

the prick or burn is. When a sensory nerve-trunk is stimulated, the

sensation is always referred to the peripheral terminations of the

nerve, A blow on the ulnar nerve at the elbow is felt as a tingling

in the little and ring fingers corresponding to the distribution of the

nerve. Sensations started in the stump of an amputated limb are

referred to the absent member.
Stimulation of a nerve-trunk gives rise to general sensations only;

no distinct tactile perceptions can thus be produced. When cold is

applied to the elbow it is felt as cold in the skin of the elbow ; but a

cooling of the ulnar nerve at this spot simply gives rise to pain which

is referred to the ulnar side of the hand and arm.

Sec. 4. The Muscular Sense.

When we come into contact with external bodies we are conscious

not only of the pressure exerted by the object on our skin, but also

of the pressure which we exert on the object. If we place the hand
and arm flat on a table, we can estimate the pressure exerted by
bodies resting on the palm of the hand, and so come to a conclusion

as to their weights; in this case we are conscious only of the pressure

exerted by the body on our skin. If however we hold the body in

the hand, we not only feel the pressure of the body, but we are also

aware of the muscular exertion required to support and lift the

body. We are conscious of a muscular sense ; and we find by ex-

perience that when we trust to this muscular sense as well as to the

sensation of pressure, we can form much more accurate judgments
concerning the weight of bodies than when we rely on pressure alone.

When we want to tell how heavy a body is, we are not in the habit

of allowing it simply to press on the hand laid flat on a table; we
hold it in our hand and lift it up and down. We appeal to our

muscular sense to inform us of the amount of exertion necessary to

move it, and by help of that, judge of its weight. And in all the

movements of our body we are conscious, evea to an astonishingly
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accurate degree/as is well seen in. the discussions concerning vision,

of the amount of the contraction to which we are putting our muscles.
In some way or other we are made aware of what particular muscles
or groups of muscles are being thrown into action, and to what extent
that action is being carried. We are also conscious of the varying
condition of our muscles, even when they are at rest ; the tired and
especially the paralysed limb is said to ' feel' heavy. In this way
the state of our muscles largely determines our general feeling of

health and vigour, of weariness, ill health and feebleness.

It has been suggested that since muscle possesses little or no general

sensibility, comparatively little pain being felt for instance when muscles
are cut, our muscular sense is chiefly derived from the traction of the

contracting muscle on its attachments, and undoubtedly in cramp, when it

can be localized, the pain is chiefly felt at the joints ; and, as we know,
Pacinian bodies are abundant around the joints. The investigations of

Sachs, however^, seem to shew that afferent nerves, having a different dispo-

sition from the ordinary motor nerves which terminate in end-plates, are

present in muscle ; and analogy would lead us to suppose that these afferent

fibres, though easily excited by a muscular contraction, might possess

a low general sensibility. In favour of the view that the muscular sense

is peripheral and not central in origin, may be urged the fact that the sense

is felt when the muscles are thrown into contraction by direct galvanic

stimulation instead of by the agency of the will. Many authors, even
while admitting the existence of a muscular sense of peripheral origin, con-

tend that we also possess and are very largely guided in our movements
by what might be called a 'neural' sense of central origin. That is to

say, the changes in the central nervous system involved in initiating

and carrying out a movement of the body, so affect our consciousness,

that we have a sense of the effort itself. It has been observed that
when the posterior roots are divided, movements become less orderly,

as if they lacked the guidance of a muscular sense ; and although the im-
pairment of the movements may be due in part to the coincident loss of

tactile sensations, it is probable that it is increased by the loss of the mus-
ciilar sense. There is a malady, called locomotor ataxy, the characteristic

feature of which is that, though there is no loss of direct power over the
muscles, the various bodily movements are effected imperfectly and with.

diflSculty, from want of proper co-ordination. In this disease the patho-
logical mischief is found in the posterior columns of the spinal cord and
the posterior roots of the spinal nerves, that is in distinctly afferent struc-

tures ; and the phenomena seem due to inefficient co-ordination caused by
the loss both of the muscular sense and of ordinary tactile sensations.

The patients walk with difficulty, because they have imperfect sensations

both of the condition of their muscles and of the contact of their feet

with the ground. In many of their movements they have to depend
largely on visual sensations ; hence when their eyes are shut, they become
singularly helpless.

Among the names of those who have contributed largely to our know-
ledge of the physiology of the various senses, the following (the more purely

1 Eeichert and Du Bois-Beymond's Archiv, 1874, p. 175.
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physical inquirers being passed over) call for special mention. In vision,

the labours of Young' on accommodation and colour sensations, of Purkiiije^

on subjective phenomena, of Donders^ and Helmholtz* on the various diop-

tric features of the eye and the movements of the eyeballs, and of Wheat-
stone on binocular vision, were of first importance; and to these, on the

psychological side may be added the speculations of Berkeley^ It need
hardly be said that in his Physiological Ojytics Helmholtz has treated the

whole subject in such a complete and masterly way as to make it almost

entirely his own. In both sight and hearing, and indeed in the senses

in general, we owe much to Johannes Miiller". The physiology of touch,

and the relations obtaining in the senses in general between the stimulus

and the sensation, was largely advanced by the labours of Weber^. Lastly,

the researches of Helmholtz" on musical sounds mark an epoch in the

history of the physiology of hearing.

1 Phil. Trans. 1801.
2 Beohacht. u. Versuch. zur Physiol, d. Sinne, 1825, and other papers.
'^ Numerous papers from 1846 onwards.
^ Numerous papers, and Handbuch der Physiol. Optik, 1867.
5 Theory of Vision, 1709.
^ Phys. d. Gesichtssinns, 1826, and Ilandh. der Physiol. 1835.
"^ De Aure, &c. 1820. Wagner's Haiulworterbuch, Ai't. Tastsinn.
" Tonempfindimgen, 1870.



CHAPTER Y.

THE SPINAL CORD.

Sec. 1. As A Centre of Reflex Action.

We have already discussed (Book i. Chap, ill.) the general features

of reflex action, so that we can now confine ourselves to special points

of particular interest. Since the frog and the mammal differ very
markedly from each other in respect of their reflex spinal phenomena,
it will be convenient to consider them separately.

In the Frog.

The salient feature of the ordinary reflex actions of the frog is

their purposeful character, though every variety of movement may
be witnessed, from a simple spasm to a most complex muscular
manoeuvre. The nature of any movement called forth is determined

:

1. By the na.ture of the afferent impulses. Simple nervous

impulses generated by the direct stimulation of afferent nerve-fibres

evoke as reflex movements merely irregular spasms in a few muscles

;

whereas the more complicated differentiated sensory impulses gene-

rated by the application of the stimulus to the skin, give rise to large

and purposeful movements. It is much more easy to produce a reflex

action by a slight pressure on the skin than by even strong induction-

shocks applied directly to a nerve-trunk. If, in a brainless frog, the

area of skin supplied by one of the dorsal cutaneous nerves be sepa-

rated by section from, the rest of the skin of the back, the nerve

being left attached to the piece of skin and carefully protected from
injury, it will be found that slight stimuli applied to the surface of

the piece of skin easily evoke reflex actions, whereas the trunk of the

nerve may be stimulated with even strong currents without producing
anything more than irregular movements.

In ordinary mechanical and chemical stimulation of the skin it is

a series of impulses and not a single impulse which passes upwards
along the sensory nerve, the changes in which may be compared to

the changes in a motor nerve during tetanus. In every reflex action,

in fact, the central mechanism may be looked upon as being thrown

into activity through a summation of the afferent impulses reaching

it'.

1 Of. Stirling, Ludwig's Arbeiten, ISTi.
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When a muscle is thrown into contraction in a reflex action,

the note which it gives forth does not vary with the stimulus, but is

constant, being the same as that given forth by a muscle thrown
into contraction by the will. From which we infer that in a reflex

action the afferent impulses do not simply pass through the centre

in the same way that they pass along afferent nerves, but are

profoundly modified. And this explains why a reflex action takes

always a considerable time, and frequently a very long time, for its

development. When the toes of a brainless frog are dipped in dilute

sulphuric acid, several seconds may elapse before the feet are with-

drawn. Making every allowance for the time needed for the acid

to develope sensory impulses in the peripheral endings of the afferent

nerve, a very large fraction of the period must be taken up by the

molecular actions going . on in the nerve-cells. In other words, the

interval between the advent at the central organ of afferent, and the

exit from it of efferent impulses, is a busy time for the nerve-cells -

of that organ ; during it many processes, of which at present we
know little or nothing, are being carried on,

2. By the intensity of the stimulus. We have already pointed out

(p. 90) that while the effects of a weak stimulus are limited to a few,

those of a strong stimulus may spread to many efferent nerves.

Granting that any particular afferent nerve is more particularly as-

sociated with certain efferent nerves than with any others, so that the

reflex impulses generated by impulses entering the cord by the former,

pass with the least resistance down the latter, we must evidently

admit further that other efferent nerves must also, though less directly,

be connected with the same afferent nerve, the passage into the
second efferent nerve meeting with an increased but not insuperable

resistance. When a frog is poisoned with strychnia, a slight touch
on any part of the skin may cause convulsions of the whole body

;

that is to say, the afferent impulses passing along any single afferent

nerve may give rise to the discharge of efferent impulses along any or

all of the efferent nerves. This proves that a physiological if not an
anatomical continuity obtains between all the nerve-cells of the spinal

cord which are concerned in reflex action, that the nerve-cells with
their process.es form a functionally continuous protoplasmic network.
This network however is marked out into tracts presenting greater or

less resistance to the progress of the impulses into which afferent

impulses, coming from this or that afferent nerve, are transformed on
their advent at the network ; and accordingly the path of any series

of impulses in the network will be determined largely by the energy
of the afferent impulses. And the action of strychnia is most easily

explained by supposing that it reduces and equalises the normal
resistance of this network, so that even weak impulses travel over

all its tracks with great ease.

3. By the locality where the stimulus is applied. Pinching the

folds of skin surrounding the anus of the frog produces different
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effects from those witnessed when the flank or toe is pinched ; and,

speaking generally, the stimulation of a particular spot calls forth

particular movements. From this we- may infer that the proto-

plasmic network spoken of above is, so to speak, mapped out into

nervous mechanisms by the establishment of lines of greater or less

resistance, so that the disturbances in it generated by certain afferent

impulses are directed into certain efferent channels. But the arrange-

ment of these mechanisms is not a fixed and rigid one. We cannot

predict exactly the nature of the movement which will result from
the stimulation of any particular spot. Moreover, under a change of

circumstances a movement quite different from the normal one may
make its appearance. Thus when a drop of acid is placed on the

right flank of a frog, the right foot is almost invariably used to rub off

the acid ; in this there appears nothing more than a mere 'mechanical'

reflex action. If however the right leg be cut off, or the right foot be
otherwise hindered from rubbing off the acid, the left foot is, under
the exceptional circumstances, used for the purpose. This at first

sight looks like an intelligent choice. A choice it evidently is ; and
were there many instances of similar choice, and were there any
evidence of a variable automatism, like that of a conscious volition,

being manifested by the spinal cord of the frog, we should be justified

in supposing that the choice was determined by an intelligence. It

is however, on the other hand, quite possible to suppose that the

lines of resistance in the spinal protoplasm are so arranged as to

admit of an alternative action ; and seeing how few and simple are the

apparent instances of choice witnessed in a brainless frog, and how
absolutely devoid of spontaneity or irregular automatism is the spinal

cord of the frog, this seems the more probable view\

It may be remarked that two entirely different questions are started by
this exhibition of choice; the one is whether the spinal cord of the frog

possesses intelligence, the other is whether it possesses consciousness; and
care must be taken to keep the two questions apart. Intelligence in the

ordinary meaning of that word undoubtedly presupposes consciousness ; but

we are not at liberty to say that consciousness may not exist without

intelligence. It is quite possible to. conceive of the simplest and most
mechanical reflex action being accompanied by consciousness; the coexist-

ence of the consciousness being merely an adjunct to, and in no appreciable

way modifying the mechanical elaboration of, the act^ On the other hand,

though it is possible to conceive of such, a concomitant and apparently useless

consciousness, and though if we admit an evolution of consciousness we
must suppose such forms of consciousness to exist, yet inasmuch as our

reason for believing in the possession of consciousness by any being is

based on the similarity of the acts of that being with our own behaviour,

we are precluded from distinctly predicating consciousness except in the

cases where an intelligence similar to our own is manifested. But the dis-

^ Pfliiger, Die sensorische Function des Rilckenmarks, 1853. Sanders-Ezn, Ludwig's
Arbeiten, 1867. Gergens, Pfliiger's Archiv, xiii. (1876) p. 61.
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cussion of this subject would lead us too far away froin the object of the
present book.

It may be added that the movements evoked by even a segment
of the cord may be purposeful in character ; lience we must conclude
that every segment of the protoplasmic network is mapped out into
mechanisms.

4. By the condition of the cord. The action of strychnia just
alluded to is an instance of an apparent augmentation of reflex action
best explained by sujaposing that the resistances in the cord are
lessened. There are probably however cases in which the explosive
energy of the nerve-cells is positively increased above the normal.
Conversely, by various influences of a depressing character, as by
various anaesthetics, reflex action may be lessened or prevented ; and
this again may arise either from an increase of resistance, or from
a diminished action of the nerve-cells themselves. In the mammal
the condition of apnoea is antagonistic, not only to the convulsions
proceeding from the convulsive centre in the medulla, but also to

reflex actions arising in any part of the cord, such as those produced
by strychnia.

Inhibition of Reflex Action. When the brain of a frog is re-

moved, reflex actions are developed to a much greater degree than in

the entire animal. We ourselves are conscious of being able by an
effort of the will to stop reflex movements, such for instance as are

induced by tickling. There must therefore be in the brain some
mechanism or other for preventing the normal development of the
spinal reflex actions. And we learn by experiment that stimulation

of certain parts of the brain has a remarkable effect on reflex action.

In a frog, from which the cerebral hemispheres only have been re-

moved, the optic thalami, optic lobes, medulla oblongata and spinal

cord being left intact, a certain average time will (see p. 472) be
found to elapse between the dipping of the toe into very dilute

sulphuric acid, and the resulting withdrawal of the foot. If, how-
ever, the optic lobes or optic thalami be stimulated, as by putting

a crystal of sodium chloride on them, it will be found on repeating

the experiment while these structures are still under the influence

of the stimulation, that the time intervening between the action of

the acid on the toe and the withdrawal of the foot is very much
prolonged. That is to say, the stimulation of the optic lobes has
caused impulses to descend to the cord, which have there so inter-

fered with the action of the nerve-cells engfafyed in reflex action as

greatly to retard the generation of reflex impulses ; in other words,

the stimulation of the optic lobes has inhibited the reflex action

of the cord\

^ Setsclienow, Vchcr die Hemmungsmeclianismen fur die BeflexthaticjTceit des Ruclcen-

marks, 18G3. Setsclienow and Paschutin, Neue Versuche, 1865. Herzen, Exp. sw
les Centres moderateurs de Vaction rejlexe, 1864.
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We might infer from this that the increase of reflex action which

appears after removal of the entire brain, is due to the absence of an

inhibitory centre in the optic lobes, which in the entire frog is habi-

tually restraining the reflex actions of the cord ; but at present we
require more exact evidence on this point.

If quinine' be injected under the skin of the back of a frog from which

the cerebral hemispheres have been I'emoved but in which the optic lobes

have been left intact, the period of incubation, if we may use the phrase,

of reflex action will be similarly much prolonged. If after the retardation

has become clearly developed, the optic lobes be removed, the period of

incubation rapidly returns to the normal. And if the quinine is similarly

injected beneath the skin of a frog from which the optic lobes as well as the

cerebral hemispheres have been removed, no such retardation makes its

appearance. From this we may infer that the injection of the quinine

inhibits the reflex actions of the spinal cord by stimulating an inhibitory

mechanism in the optic lobes. It does not seem at present clear, however,

whether the quinine acts directly and chemically on the oj)tic lobes, or

whether the acid sohition of quinine generates in the skin under which it is

injected afferent impulses which afiecfc the optic lobes in a reflex manner.

An attempt has been made to explain these results by supposing that the

stimulation of the optic lobes does not bear directly on the cord, but

inhibits the heart, and so by lessening the supply of blood diminishes the

activity of the cord; the arguments, however, urged in support of this

view are not conclusive.

Langendorf^ concludes that the inhibitory action of one side of the brain

is exerted on the reflex actions of the opposite side of the body, the m-
hibitory impulses crossing in the medulla oblongata.

Such an effect is however not confined to the optic lobes. Sti-

muli, if sufficiently strong, applied to any afferent nerve will inhibit,

i. e. will retard or even wholly prevent reflex action. If the toes of

one leg are dipped into dilute sulphuric acid at a time when the sciatic

of the other leg is being powerfully stimulated with an interrupted

current, the period of incubation will be found to be much prolonged,

and in some cases the reflex withdrawal of the foot will not take place

at all. And this holds good, not only in the complete absence of the

optic lobes and medulla oblongata, but also when only a portion of

the spinal cord, sufficient to carry out the reflex action in the usual

way, is left. There can be no question here of any specific inhibi-

tory centres, such as are supposed to exist in the optic lobes. We
have already seen that the action of such nervous centres, automatic

or reflex, as the respiratory and vaso-motor centres, may be either

inhibited or augmented by afferent impulses. The micturition-

centre in the mammal may be easily inhibited by impulses passing

downward to the lumbar cord from the brain, or upwards along the

sciatic nex'ves. Goltz observed that in the case of the dog (see

p. 328), micturition set up as a reflex act by simple pressure on

1 Chaperon, Pfliiger's ArcMv, ii. (1869), p. 293.
2 DuBois-Eeymond's J.?-c/iiv, 1877, p. 95.
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the abdomen, or by sponging the anus, was at once stopped by
sharply pinching the skin of the leg. And it is a matter of common
experience that micturition may be suddenly checked by an emotion
or other cerebral event. The erection centre in the lumbar cord is

also susceptible of being inhibited by impulses reaching it from
various sources. And though the reflex mechanism of croaking
belongs to the optic lobes, and not to the spinal cord, this may be
quoted in reference to the inhibition of reflex action, since the croak-

ing which, in a frog deprived of its cerebral hemispheres, invariably

follows the stroking of the flanks in a particular way, fails to appear
if a sensory nerve such as the sciatic be powerfully stimulated at the
same time.

In fact, to put the matter in a general way, two sensory impulses arriv-

ing at the same centre along diffei-ent paths may interfere with each other,

and so lessen each other's influence in producing a reflex action, or other-

wise modifying the action of the centre. We have seen, in treating of the
senses, that two sensory impulses may, according to circumstances, unite in

producing a sensatioii greater than that caused by either alone, or they may
lessen each other's influence, or they may have no efiect on each other at all,

each sensory impulse producing its effects quite independent of the other.

We have moreover seen that the various automatic centres, whether spora-

dic or belonging to the central neiwous system, may in reference to any
given afferent impulse be aff'ected in the way of inhibition or of augmenta-
tion, or may not be aifected at all. Indeed we may say probably of any mass
of active living protoplasm, whether automatic or reflex, whether concerned,

in consciousness or not, that it is so related to other parts of the body, that
its activity may be diminished or exalted or unaffected by events occurring

in those parts. Whether inhibition or exaltation or indifference is in any
given case predominant ^vill depend on circumstances and arrangements,
the nature of which we at present understand in a very imperfect manner.
And the difficulties are increased rather than diminished by presupposing
the existence of an unlimited number of inhibitory and augmenting fibres.

It is worthy of notice that the inhibitory action of the optic lobes

spoken of above, bears exclusively on the length of the period of incubation.

We have no evidence that it diminishes the minimum intensity of stimula-

tion required to produce a reflex action. On the other hand, the augment-
ing effect of strychnia is said to produce no change in the period of incuba-
tion; when a frog is poisoned with strychnia the reflex movements caused
hj a veiy slight stimulus may be very great, but the period of incubation
may be the same as that of a frog in a normal condition.

In the Mammal.

In proportion as the more complex cerebral activities are de-
veloped, the need of an extensive spinal reflex activity becomes less

and less. Hence we find that in the mammal the movements which
are executed by the spinal cord as parts of reflex actions, are much
more limited in nature, and their purposeful character is much less
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evident than in the frog. Goltz and Freusberg^ found that in the dog
the reflex movements of the hind limbs executed by the lumbar cord,

isolated by section from the rest of the cord, though they were to a
certain extent coordinated, manifested but little purpose. Most of the

reflex movements witnessed in a mammal as the result of an occasional

stimulus are of an irregular disorderly kind. There is much greater

resistance in the cord to the propagation of stray impulses, the ground
is preoccupied by established tracts leading between the brain and
the afferent and efferent nerves. It is chiefly such reflex actions as

are continually being repeated, and thus form part of the ordinary

labour of the cord, that exhibit a clear purpose.

Vicarious reflex movements may also be witnessed in mammals,
though not to such a striking extent as in frogs. In dogs, in which
partial removal of the cerebral hemispheres has apparently heightened
the reflex excitability of the spinal cord, the remarkable scratchiog

movements of the hind leg which are called forth by stimulating

particular spots on the side of the body, are executed by the leg of

the opposite side, when the leg of the same side is, even without any
great force being applied, prevented from carrying them oui?. Here
too the absence of a truly purposeful character of the movements is

very marked, and the phenomena afford a strong support to the
' mechanical ' explanation of the more complicated behaviour of the
frog.

According to Owsjannikow^, if in the rabbit the spinal cord be divided

at the calamus scriptorius, a moderate stimulus applied to the hind foot

causes rcovements in one or other or both hind legs, but none in the fore

legs, and a stimulation of the fore foot causes movements in the fore but
not in the hind legs; whereas if a zone of nervous tissue only 6 to 5 mm.
in height be left above the calamus scriptorius, stimulation of either foot

may produce a movement in any part of the body. This would seem
to shew that the mechanisms co-ordinating the movements of the fore

limbs with those of the hind limbs, which in the frog are scattered

over the whole spinal cord, are in the mammal gathered into the medulla
oblongata. The region referred to above lies, it may be remarked, near
to the 'convulsive centre' (see p. 302). Woroschiloff* has observed that

in the rabbit direct stimulation with an interrupted current of the cervical

cord, down as far as the origin of the sixth cer"\T.cal nerve, causes co-ordi

nated rhythmic springing movements of the body, whereas when the same
stimulus is applied to lower regions of the cord, a rigid tetanus results

;

this too indicates the existence in the cervical cord of pecuUar co-ordinating

mechanisms.

Muscular movements, as parts of a reflex action, may occur on
stimulation of not only the ordinary spinal and cranial sensory

1 Pfliiger's ArcMv, vm. (1874) p. 460, ix. (1874) p. 358.
2 Gergens, Pfliiger's Archiv, siv. (1877) p. 340.
3 Ludwig's Arbeiten, 1874, p. 308.
* Ludwig's Arbeiten, 1874, p. 99.
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nerves, but also of the nerves of special sense. A sound or a flash of

light readily produces a start, a bright light causes many persons to

sneeze, and reflex movements may even result from a taste or smell.

The Time required for Beflex Actions.

"When we stimulate one of our eyelids with a sharp electrical shock, both

eyelids blink. Hence, if the length of time intervening between the stimu-

lation of the right eyelid and the movement of the left eyelid be carefully

measured, this will give the time required for the development of a reflex

action. Exner' found this to be from "0662 to '0578 sec, being less for

the stronger stimulus. Deducting from these figux-es the time required

for the passage of afferent and eflerent impulses along the fifth and facial

nerves to and from the medulla, and for the latent period of the muscular
contraction of the orbiculai'is, there would remain -0555 to •0471 sec.

for the time consumed in the central operations of the reflex act. The
calculations, however, necessary for this reduction, it need not be said,

are open to sources of error. Exner found that when Jie used a visual

stimulus, viz. a flash of light, the time was not only exceedingly prolonged,

•2168 sec, but very variable.

The time required for any reflex act varies, according to Rosenthal",

very considerably with the strength of the stimulus employed, being

less for the stronger stimuli, is greater in transverse than in longitudinal

conduction, and is much increased by exhaustion of the cord. It has been

stated that the central processes of a reflex action are propagated in the

frog at the rate of about 8 metres a second ; but this value cannot be

depended on. The time thus occupied by purely reflex actions must not be

confounded with the interval required for mental operations; of the latter

we shall speak presently.

Sec. 2. As a Centre or Group of Centres of Automatic
Action.

Irregular automatism, i.e. a spontaneity comparable to our own
volition, is wholly absent from the spinal cord. A brainless frog

placed in a condition of complete equilibrium in which no stimulus is

brought to bear on it, remains perfectly motionless till it dies.

Of the various regular automatic centres, both the numerous ones

in the medulla oblongata, such as the vaso-motor, respiratory, &c., and
the more sparse ones in other regions of the cord, such as those con-

nected with micturition (p. 328), defsecation (p. 234), erection, parturi-

tion, and so on, we have treated or shall have to treat of them so

fully in reference to their respective mechanisms, and discussed how
far they are purely automatic, or in reality merely reflex in nature,

that nothing more need be said here.

1 PflUger's ArcMv, viii. (1874) p. 52G.
'^ Monatiiheridit d. Berlin. Acad. 1873, p. 104. See also Sitzungshericht d. pJiys.

vied. Ges. Erlamjen, 1875, aud Wundt, Meclianlk dcr Ncrven, &c. Abtb. ii. (187G).
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The connectioji between tlie spinal coi'd and tiie automatic move-
ments of the lyaaph hearts of the frog has also (p. 89) been biiefly

referred to. Yolkmann' was the first to observe that the destruction of

even a small portion of special regions of the sj^inal cord puts an end to

the pulsatioDS of these organs, the region or centre for the anterior pair

of hearts being opposite the third vertebra, and that for the posterior

pair being opposite the seventh vertebra. Eckhard^ however observed

that the pulsations, though ceasing vipon the destruction of the regions of

the spinal cord above mentioned, after awhile returned; still the pulsations

thus inde2:)endent of the spinal cord diftered in character, from being more
partial and irregular than those witnessed when the spinal cord was intact.

Goltz^ saw the pulsations return in about three weeks after they had been
stopped by section of the tenth (coccygeal) spinal nerve, though no re-

generation of the nervous tract had taken place; and he states that with
care the hearts may then be wholly removed from the body without arrest-

ing their pulsations. "Waldeyev* though he described ganglionic cells in

the neighbourhood of the hearts, found the return of pulsations after

division of the coccygeal nerve or destruction of the spinal cord too in-

constant to prove their independence of the spinal cord, and Heidenhain ^

arrived at a similar conclusion. The views expressed at p. 168 concerning

the relations of peripheral and spinal vaso-motor centres may fairly be
applied to these lymph hearts.

Stimulation of the coccygeal nerves with the interrupted current

brings about a tetanic systole of the posterior lymph hearts, but stimu-

lation with a strong constant current causes a stand-still in diastole".

Goltz'' found that the lymph hearts might like the blood heart be in-

hibited, and brought to a diastolic stand-still in a reflex manner by
striking sharply the exposed intestines, and that they might also be
similarly inhibited by pinching the auricles of the blood heart ; the

centre of this reflex inhibition appeared to be in the medulla and the

afferent impulses to pass along the vagus. Suslowa'' traced these afferent

inhibitory impulses from the intestine through the rarai communicantes.

He found that after destruction of all the posterior sensory spinal roots,

the lymph hearts remained in a (diastolic) still-stand, which however
gave place to a return of pulsatile activity as soon as the rami com-
municantes were also divided, the experiment in his opinion indicating that

the inhibitory impulses passing along the latter channel from the intestine

are of a tonic character. Suslowa also found that stimulation of a trans-

verse section of the optic thalami or optic lobes produced a diastolic stand-

still of the lymph hearts, whereas stimulation of a transverse section of the

spinal cord itself increased their activity, that the inhibitory centres of

Setschenow in fact govern also the lymph hearts. Priestley ® has in the

main corroboi*ated Suslowa's results.

1 Miiller's ArcMv, 1844, p. 419.
2 Zt.f. rat. Med. viii. p. 24. and Exp. Phys. Nerv. System, (1866) p. 259.
=* Cbl.f. Med. Wiss. 1863, p. 497.
4 Stud. Bresl. Inst. iii. 71.
^ Disquisitiones de nervis organisqiie centralihus cordis cordiumve, &c. 1864.
^ Eckharcl, loc. cit. Waldeyer, loc. cit.

7 Cbl.f. Med. Wiss. 1863, p. 17 and 497; 1864, p. 690.
8 cbl f. Med. Wiss. 1867, p. 833. Zt. f. rat. Med. 31 (1868), p. 224.
9 Studies from Phys. Lab. Oweus College, 1877, Preface.
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It has been maintamed that the spinal cord exercises over the

skeletal muscles a tonic action comparable to that of the vaso-motor

centre over the smooth muscles of the arteries. There is, however,

no adequate support to this view. When a muscle is cut across in

the living body, the section gapes, because all the muscles of the

body are slightly stretched beyond their normal length. When one

side of the face is paralysed the mouth is drawn to the opposite side,

not because the j)aralysed muscles have lost their tone, but because

there are on the paralysed side no contractions to antagonise the

effect of the continually repeated contractions of the sound side. And
the view is distinctly disproved by the fact that when in the living

body the nerve going to a muscle is cut no permanent lengthening of

the muscle is caused. After the sciatic plexus of one leg of a brain-

less frog has been cut, that leg hangs down more helplessly than the

other when the animal is suspended. This might at first sight be
considered as the result of loss of tone ; but the same flaccidity is

observed in a leg in which the posterior roots only of the sciatic

plexus have been divided. The difference between the leg of the one
side and that of the other in these cases is that the sound leg is

rather more flexed than the other; and evidently this slight flexion,

since it disappears on section of the posterior roots, is the result of a

reflex and not of an automatic action.

Sec. 3. As a Conductor of Afferent and Efferent Impulses.

When we move our foot, or feel something touching our foot,

efferent or afferent impulses must evidently pass along the whole

length of the spinal cord on their way from and to the brain. We
might suppose that in such cases sensory impulses are conveyed

straight along a fibre from the j)eriphery to the sensorium, and vo-

litional impulses straight along a fibre from the organ of the will to

the muscular fibre. Or we might suppose that the conduction is

not simple, but carried out by a more or less complicated system of

relays. Both anatomical and physiological considerations shew that

the latter view is the correct one.

The phenomena of reflex action have shewn us that the cord con-

tains a number of more or less complicated mechanisms more or less

capable of producing, as reflex results, co-ordinated movements alto-

gether similar to those which are called forth by the will. Now it

must be an economy to the body, that the will should make use of

these mechanisms already present, by acting directly on their centres,

rather than it should have recourse to a special apparatus of its own of

a similar kind. And from an anatomical point of view, it is clear that

the white matter of the upper cervical cord does not contain a sufii-

cient number of fibres, even of attenuated dimensions, to connect the

brain, by afl"erent or efferent ties, with every sensory or motor nerve-

endins of the trunk and limbs.
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Regarded in a genetic aspect, the spinal cord is a series of cemented

segments, having mutual relations one with the other, and all being

governed by the dominant cerebral segments. And we might fairly expect

to find that in each segment of the cord part of the structures are purely

segmental, and serve as a nervous centre for the afferent and efferent

nerves corresponding to a portion of the body, while part are commissural

structures connecting the segment with other segments, and the remainder

are structures connecting the governed segment with the governing cere-

bral organs. Some such arrangement as this is indicated by the dii-ections

taken by the fibres of the roots of the spinal nerve ; and the view is sup-

ported by the results gained by comparing sections of the spinal cord taken

at difierent points of its length. If a curve be constructed representing the

sectional area of the nerve-roots entering the spinal cord, at their respec-

tive points, along its whole length from the fu'st cervical to the last sacral

nerve, some such form as that shewn in Fig. 54 would be obtained. If

instead of the sectional area of each pair of roots the continued summation

of the roots were used to construct the curve, the form would be that of

Fig. 55. If the variations of the sectional area of the grey matter at

different points of its length were thrown into a curve, the form would be

that of Fig. 56. If the vai-iations of the sectional area of the lateral

columns were taken, the curve would take the form of Fig. 57, The
anterior columns similarly treated would give Fig. 58, and the posterior

Fig. 59. A comparison of these several figures suggests the view that

the grey matter of the cord is preeminently segmental, falling and rising

as it does with the amount of nerve-fibre passing into each part of the

cord, and that the lateral columns, increasing as they do from below up-

ward, much more steadily than either the grey matter or the anterior and

IV III II I VIII VII VI V IV III i|

Fig. 54. Diageam shelving the belative sectional aeeas of the Spinal Neeves,
AS they join the Spinal Coed.

(To be read from left to right.)

In this and the succeeding figures taken from Woroschiloff's paper in Ludwig's

Arheiten 1874, and constructed from StUling's data of the human spinal cord, the

cervical,' dorsal, lumbar, and sacral nerves are used as abscissae; 3mm. to the in-

terval between' each two nerve-roots. The ordinates are in millimetres, each mm.
corresponding to a square unit of surface of nerve-root-section, of grey substance, or of

white substance.

Fig, 55. Diageam shewing the united sectional aeeas of the Spinal Nerves,

peoceeding feoh below upwaeds. The ordinates in this figure are smaller than in

the preceding.

F. P, 3X
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° r~v IV III II I V IV III II i XII XI X ix vi'ii VII v'i v iv iii ii i viii vii vi v iv iii ii

Fig. 56. Diagkam shewing the vaeiations in the sectional abea of the geet

MATTER OS THE SpINAL CoED, ALONG ITS LENGTH.

I VIII VII VI V IV III II I

Fig. 57. Diagkam shewing the taeiations in the sectional aeea of the lateeal
COLUMNS OF THE BpINAL CoED, ALONG ITS LENGTH.

V IV III II 1 V IV III II I XII XI X IX Vlll VII VI V IV III II I VIII VII VI V IV III II I

Fig. 58. Diageam shewing the vaeiations in the sectional aeea of the anteeioe

COLUMNS OF THE gpiNAL CoED, ALONG ITS LENGTH.

OV
I V IV III II I V IV III II I XU XI K IX VIII VII VI V IV III II I VIU VII VI V LV III II I

Fig. 59. Dlageam shewing the variations in the sectional area of the posterior

COLUMNS of the SpINAL ,CoRD, ALONG ITS LENGTH.

posterior columns, are the chief means by which the brain is brought into

connection with the several segments of the cord, and thus with the nerves

of the body at large.
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Our information concerning the conduction of impulses along the

spinal cord is derived partly from experiment and partly from patho-

logical observation. Both these methods have their advantages and
disadvantages. In experiments there is danger of confounding the

immediate and temporary effects of the operation, such as those pro-

duced by shock, with the more real and lasting effects. It is difi&cult

too in such cases to determine the existence of sensations, and to dis-

tinguish between reflex and purely voluntary movements. In patho-

logical cases we have the advantage of being able clearly to define

sensation and volition, but this is frequently more than counter-

balanced by the diffuse nature of the injury or disease, and the want
of exact anatomical verification. When these facts are borne in

mind, it will easily be understood that in no part of physiology are

the statements of investigators more conflicting and unsatisfactory.

According to the views ofBrown-Sequard, and those who follow him,

transverse division of the lateral half of the cord is followed on the

same side, below the injury, by loss of voluntary movement, accom-
panied, not by loss of sensation, but by hyperesthesia, and on the

opposite side by loss of sensation without any affection of voluntary

movement ; whereas a longitudinal median incision through the cord

causes on both sides loss of sensation in an area corresponding to the

length of the incision, without any impairment of voluntary movement.
That is to say, sensory impulses entering into the cord at its pos-

terior root immediately cross to the other side of the cord and so

ascend to the brain, whereas efferent impulses of volition, though
they cross in the region of the medulla oblongata or higher up (and

hence in cases of paralysis from cerebral mischief, the right side loses

the power of voluntary movement when the left hemisphere is affected,

and vice versa), keep to the same side of the cord along its whole

length. The paths may be more accurately defined by stating that the

sensory impulses pass from the posterior roots along a certain length

of the posterior columns, and then cross over to the grey matter of

the opposite side, in which they ascend to the brain, while volitional

impulses, having crossed in the pons Varolii and medulla oblongata

before their entrance into the cord, descend in the antero-lateral

columns, keeping to the same side throughout, and leave the cord by
the anterior roots. According to Vulpian^ the volitional impulses

are confined in the cervical region to the lateral columns, though in

the dorsal and lumbar regions they travel in the anterior columns as

well, and the decussation is not confined to or completed in the

region of the medulla, but is continued some way down ; and simi-

larly the decussation of the sensory impulses is not sudden but gra-

dual, so that section of a lateral half of the cord affects sensation on

both sides, though most on the opposite side.

Schiff, and others with him, make a distinction between the con-

duction of distinct tactile sensations and that of general sensibility,

^ Sysi. Nerv. Lei;, xvii.

31—2
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as well as between the conduction of volitional impulses and that of

impulses merely forming part of a reflex action. They hold that purely

volitional impulses pass exclusively along the antero-lateral columns,

and purely tactile sensations along the posterior columns of the same
side, and that the grey matter is capable of transmitting in all di-

rections such afferent impulses as only give rise to affections of

general sensibility, and such efferent impulses as are parts of reflex

actions. Hence, according to them, when at any part of the cord the

continuity of the white matter is wholly broken, so that the parts above

the injury are connected with those below by grey matter only, tactile

sensations and voluntary movements are entirely absent in the parts

below the injury, though violent stimulation of those parts will give

rise to pain, and reflex actions in them may be induced by stimuli

applied to parts above the injury. Conversely, when at any point

the grey matter is destroyed but the white left intact, voluntary

movements and tactile sensations remain in the parts below the

injury, though even violent stimuli applied to those parts give rise

to no pain, and reflex actions cannot be induced in them by stimuli

applied to the parts above the seat of injury.

Scliiff' states tliat when in any part of tlie cord tlie posterior columns
only are left, all the rest of the white and the grey matter being removed,

tactile sensations remain though no pain is felt ; there is analgesia hut no
anaesthesia ; a rabbit thus operated on is readily awaked for a moment from
sleep (artificially induced by bleeding) when the hind limbs, or parts below
the seat of injuiy, are even lightly touched, but exhibits no sign of pain

when the nerves are laid bare and pinched, or when needles are driven

through the skin. This experiment however, on which Schiff rests his

theory of analgesia, does not prove the existence of tactile sensations ; it

simply shews that a peculiar condition may be brought about in which
a sensory impulse produces a maximum initial result and then ceases to

have any effect. The animal moved at every fresh stimulus, whether slight

or strong, whether applied to the skin or to a bare nerve, but after the

first explosion the central organs concerned in the matter, whatever they

were, appeared to be exhausted. The condition is certainly a remarkable

one, and may bear many interpretations.

To make these views logically complete, we must suppose that

after section of a lateral half of the cord, tactile sensations and
voluntary movements would be entirely lost on the same side below
the seat of injury, but that pain would still be felt, and the parts

would still be capable of being thrown into movements by reflex

action.

Such are the two chief opinions held on this subject, and it must be
confessed that neither is satisfactory. Much confusion has probably
arisen from different kinds of animals being used, and different parts of

the coi-d operated on, and from the want of a searching microscopic

examination of the results of the various operations. These objections

1 Lehrb. p. 2ol.
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cannot be urged against the inquiries of Miescher^ and Woroscliiloff^, in so

far as their experiments were all conducted on rabbits, and on the same
dorsal part of the cord. Miescher found the afferent impulses which,

starting from the sciatic nerve and travelling up to the medullary vaso-

motor centre, caused a rise in blood-pressure by acting on that centre,

passed almost exclusively by the lateral columns. When one lateral

column was divided, stimulation of either sciatic produced much less

than the normal effect ; when both columns were divided, no effect at

all was produced. When only the lateral columns were left, the other

parts being destroyed, the vaso-motor influences of the sciatic stimula-

tion appeared to be quite normal. From which it would appear that

afferent impulses, such as affect the vaso-motor centre, pass from one sciatic

up both lateral columns ; and Miescher came to the conclusion that they
passed more on the opposite than on the same side. He also thought that

impulses coming from more distant parts travelled more to the outside

of the columns than those from nearer parts. It need hardly be urged that

one set of experiments of this kind, the result of which can be definitely

stated in millimetres of mercury, as measurements of the rise of blood-

pressure, are worth a score of others, in which trust has to be placed in

variable and illusory signs of sensation. On the other hand, it is obvious

that the path of the afferent impulses which affect the vaso-motor centre

might be quite different from that of the afferent impulses giving rise to

sensations. Woroschiloff however has repeated Miescher's experiments,

using the ordinary signs of sensation instead of blood-pressure, and come to

the conclusion that both the afferent impulses, which, starting in the hind
limbs, give rise, either by developing into sensations or by originating reflex

actions, to movements in the head and fore limbs, and the efferent impulses,

which, starting in the brain or upper part of the spinal cord, either by
volition or as the result of stimulation, produce movements in the hind
limbs, pass also exclusively through the lateral columns. The course of the
afferent impulses differs however from that of the efferent impulses, in so

far that the former cross over largely from one side of the cord to the

other, while the latter, though they also cross, do so to a small extent only.

The results of both these inquirers then lead to the conclusion, that in the

dorsal spinal cord of the rabbit the lateral columns form the chief bridge

between the fore and hind part of the body for the conduction of impulses
of all kinds.

We must of course be cautious in inferring that what has been found
to be true of the dorsal cord is also true of other parts of the cord • still

the experimental results just described, when compared with the anatomical

facts mentioned at p. 481, with which they wonderfully agree, enable us

perhaps, to a certain extent, to interpret the observations of others in some
such way as follows. In the first place, if there be any truth in our in-

terpretation of the phenomena of strychnia poisoning, the grey matter must
be physiologically continuous, and a stimulus of sufficient strength may
cause impulses to travel in every direction along its whole length. In the

second place, this protoplasmic network is marked out by barriers of resist-

ance into nervous mechanisms for the carrying out of coordinated muscular
movements and for the association of afferent impulses with these move-
ments. In the frog these nervous mechanisms must be many and com-

1 Ludwig's Arbeiten, 1870, p. 172. 2 Ibid. 1874, p. 99.
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plete ; in the mammal, tliongli they are fewer and less perfect, they exist,

since the reflex movements of the mammal, though less purposeful than

those of the frog, are still coordinated movements. If we suppose, as we
have already urged, that volition makes use of these already existing

mechanisms instead of requiring separate coordinating mechanisms in many
respects exactly like them, we should expect to find that a volitional im-

pulse, tending towards any movement, in descending from the brain, passes

into the grey matter of the cord, at the spot where the appropriate

mechanism exists, before it emerges in the anterior root ; and conversely,

that an afferent impulse passes first into the mechanism, with which it

is naturally associated for the production of the frequently occurring reflex

action, before it travels up to the brain by some tract more direct than
the grey matter. And we should look also for similar ai'rangements con-

necting any group of nerves, not only with the brain, but with distant

parts of the coi-d. In harmony with these functional requirements we
should be prepared to find that the entrance of any large grouj) of nerves

into the spinal cord was associated with a large development of grey matter.

for the local coordinating mechanisms, and with a corresponding increase

of certain parts of the white matter, which brought these mechanisms into

connection with both the afferent and efierent nerves ; but that the longi-

tudinal connecting tracts of white matter would steadily increase from
below upwards, inasmuch as a larger and larger number of mechanisms had
to be connected with the brain, though the increase would not be so rapid

or uniform as that of the united sectional areas of the nerves, since some
part of these connecting tracts would serve to connect distant parts of the

spinal cord itself. In other woi'ds, we should anticipate some such an
anatomical variation of the cord, as we actually do find to be the case : the

grey matter varying dii-ectly in proportion to the nerves entering into it

(Figs. 54, 5Q), and the anterior and posterior columns following the grey

matter very closely (Figs. 58, 59), while the lateral columns (Fig. 57),

though not exactly parallel to the imited sectional areas of the nerves

(Fig. 55), steadily increase from below upwards.
In an ordinary state of things, with the cord quite intact, we should

expect to find that both voluntary and sensory impulses spread into the

grey matter as little as was consistent with their due propagation, and that

they passed chiefly along their own side ; but we can also readily imagine

that when the ordinary tracts were interfered with, as after section of the

white matter, powerful impu.lses (and these would naturally be sensory

ones, since the generation of sensory but not of volitional impulses is in

the hands of the experimenter, and moreover is of almost unlimited range)

might spread in many directions over the grey matter. Such errant im-

})ulses would of necessity, Avhen they reached the conscious centre, appear

not as tactile, but simply as diffused, imlocalized, painful sensations. Hence
it would be said that the grey matter conveyed the sensory impulses, not of

touch, but of pain.

Moreover we must bear in mind that the barriers of resistance in the

protoplasm of the grey matter are not wholly, even if largely structural.

We have seen that the whole cord may be inhibited in reference to reflex

action. This total inhibition is probably made up of individual inhibitions
;

and in studying the effects of section or injury of the spinal cord we must
bear in mind that the change caused by the operation most probably affects
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the transmission of impulses, not only negatively by bi-eaking down ac-

customed tracts, but also positively by altering the action of inhibitory im-
pulses. We have a clear instance of this in the remarkable hypersesthesia

which is a constant effect of a lateral section of the cord. Since it appears

immediately after the operation, it cannot be due to any inflammatory pro-

cess. Nor can it be explained as simply the result of the increased supply

of blood to the peripheral terminations of the sensory nerves, caused by the

section involving vaso-motor tracts ; since the simple section of a vaso-

motor tract, as when the cervical sympathetic is divided, does not give rise

to hypersesthesia. Nor can we explain it as due to a one-sided hyper-

hsemia of the spinal cord itself, for we have no evidence that such a state

of things is brought about. Since it lasts for a very considerable time

it cannot be due to any passing exciting effect of the operation. In
the frog, after hemisection of the cord below the brachial plexus, this

hyperaesthesia is manifested by increased reflex movements occurring in the

lower limbs as well as in the upper when the lower limbs are stimulated.;

and when the hemisection is converted into a complete section an hyperses-

thesia still remains in both lower limbs, but it is then spoken of simj)ly

as increased reflex action, due to the isolation of the lower cord from an
inhibitory centre placed higher up. In the rabbit, according to "WoroschilofF,

hypersesthesia, after hemisection of the dorsal cord, manifests itself, not so

much in increased reflex actions in the lower limbs as in increased move-
ments of the upper part of the body when a stimulus is applied to the

lower limbs. This may be intei-preted as indicating that in the rabbit

the hemisection removes inhibitory influences which previously were
checking not so much the so to speak direct reflex conversion of afferent

into eff'ereut impulses, as the propagation of the afferent impulses to

higher parts of the spinal cord and so upwards to the brain. We have
already insisted on the probable complexity of the central processes in-

volved in a reflex action of even the simplest kind. And of the long

chain of molecular events intervening in the central (reflex) mechanism
between the advent of the simple afferent impulse and the issue of the

simple efferent impulses, we may, without too great a presiimption, suppose

that those on the so to speak afferent side of the chain might be affected by
extrinsic (inhibitory or other) influences more than those on the efferent

side or than those m.ore central ; and vice versa. Hence, adopting the view
already ui'ged, that the central mechanisms which serve for reflex actions

are also the instruments of the higher cerebral 023erations, the afferent side

of the mechanism being more especially connected with sensation, and the

efferent with volition, we see the possibility of the removal of certain in-

hibitory influences manifesting itself especially as an apparent increase of

sensibility. And this naturally would occur more readily in the rabbit,

where the simpler reflex actions of the cord are so largely subordinated

to the operations of the brain, than in the fi'og, where they still retain

so much of their primitive independence. When the section passes through

the whole cord instead of half, the absence of inhibition can of coui-se only

be shewn by increased reflex action in both cases. When these obscure

inhibitory mechanisms have been more completely worked out, many of

the at present discordant results of operations and injuries will probably be

explained away.

Much discussion has arisen on the question whether the spinal
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cord can be excited by stimuli applied directly to it. Undoubtedly,

the cord, as a whole, is irritable; if two electrodes be plunged into

it, and a current sent through the intervening tissue, muscular move-

ments, arterial constriction, and other results, follow. But in such a

case, the current falls into nerve-roots, which are as irritable, at least,

as the nerve-trunks. Schiff and Van Deen maintain that the grey

matter of the cord, though it will convey both motor and sensory

impulses, cannot originate them. They speak of it accordingly as

kinesodic and cesthesodic, as simply afibrding paths for motor and
sensory impulses. Judging the matter d priori, it might be imagined

that the molecular constitution of a nerve-cell as distinguished from a

nerve-fibre is of such a kind that, though natural impulses pass through

its j)rotoplasm in a perfectly orderly manner, the direct application

of an artificial stimulus, which, whether mechanical or electrical,

must of necessity be gross in nature and rough, would produce not a

series of definite impulse-waves, but rather a confused disturbance, a

broken mass of waves, whose interference with each other hindered

the propagation of any of them. But as a matter of fact, Miescher^

found that after he had removed the posterior columns for a certain

distance, so as to get rid of all afferent nerve-fibres, the grey matter

of the stump, as tested by the effects on blood-pressure, still remained

sensitive, especially to mechanical stimulation. Fick and Engelken^

also found the anterior columns irritable when tested with an elec-

trical stimulus.

^ Op. cit.

2 Du Bois-Eeymond's ArcMv, 1867, p. 198. Pfliiger's Archiv, ii. (1869), p. 414.



CHAPTER YI.

THE BRAIN.

Sec. 1. On the Phenomena exhibited by an Animal deprived
OF its Cerebral Hemispheres.

A FROG from which the cerebral lobes have been removed, the optic

lobes being left behind, seems to possess no volition. The apparently

spontaneous movements which it executes are so few and seldom that

it is much more rational to attribute those which do occur to the

action of some stimulus which has escaped observation, than to sup-

pose that they are the products of a will acting only at long intervals

and in a feeble manner.

By the application however of appropriate stimuli, such an animal

can be induced to perform all the movements which an entire frog

is capable of executing. It can be made to swim, to leap, and to

crawl. When placed on its back, it immediately regains its natural

position. When placed on a board, it does not fall from the board

when the latter is tilted up so as to displace the animal's centre of

gravity; it crawls up the board until it gains a new position in which
its centre of gravity is restored to its proper place. Its movements
are exactly those of an entire frog except that they need an external

stimulus to call them forth. They inevitably follow when the stimu-

lus is applied; they come to an end when the stimulus ceases to act.

By continually varying the inclination of a board on which it is

placed, the frog may be made to continue crawling almost indefinitely;

but directly the board is made to assume such a position that the

body of the frog is in equilibrium, the crawling ceases; and if the

position be not disturbed the animal will remain impassive and quiet

for an almost indefinite time. When thrown into water, the creature

begins at once to swim about in the most regular manner, and will

continue to swim till it is exhausted, if there be nothing present on
which it can come to rest. If a small piece of wood be placed on the

water the frog will when it comes in contact with the wood crawl

upon it, and so come to rest. If its flanks be gently stroked, it will

croak; and the croaks follow so regularly and surely upon the strokes

that the animal may almost be played upon like a musical instru-

ment. Moreover, the movements of the animal are influenced by
light ; if it be urged to move in any particular direction, it will avoid
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in its progress objects casting a strong shadow. In fact, even to a

careful observer the differences between such a frog and an entire

frog which was simply very stupid or very obstinate, would appear
slight and -unimportaat except in one point, viz. that the animal
without its cerebral hemispheres was obedient to every stimulus,

and that each stimulus evoked an appropriate movement, whereas
with the eutire animal it would be impossible to predict whether any
result at all, and if so what result, would follow the application of

this or that stimulus. Both are machines ; but the one is a machine
and nothing more, the other is a machine governed and checked by
a dominant volition.

Now such movements as crawling, leaping, swimming, and indeed,

to a greater or less extent, all bodily movements, are carried out by
means of coordinate nervous motor impulses, influenced, arranged,

and governed by coincident sensory or afferent impulses. We have
already seen that muscular movements are determined by the muscu-
lar sense ; they are also directed by means of sensory impulses passing

centripetally along the sensory nerves of the skin, the eye, the ear, and
other organs. Independently of the afferent impulses, which acting as

a stimulus call forth the movement, all manner of other afferent im-
pulses are concerned in the generation and coordination of the result-

ant motor impulses. Every bodily movement such as those of which
we are speaking is the work of a more or less complicated nervous

mechanism, in which there are not only central and efferent, but also

afferent factors. And, putting aside the question of consciousness,

with which we have here no occasion to deal, it is evident that in the

frog deprived of its cerebral hemispheres all these factors are present,

the afferent no less than the central and the efferent. The machinery
for all the necessary and usual body movements is present in all

its completeness. The share therefore which the cerebral hemi-
spheres take in executing the movements of which the entire animal
is capable, is simply that of putting this machinery into action. The
will acts after the manner of a stimulus ; it might be called an
intrinsic stimulus. Its operations are limited by the machinery at its

command. The cerebral hemispheres by their action can only give

shape to a bodily movement by selecting particular parts of the

nervous machinery to be thrown into activity ; and precisely the same
movement may be initiated in their absence, by applying such stimuli

as shall throw precisely the same parts of that machinery into the

same activity.

Very marked is the contrast between a frog which, though de-

prived of its cerebral hemispheres, still retains the optic lobes, cere-

bellum and medulla oblongata, and one which possesses a spinal cord

only. The latter when placed on its back makes no attempt to regain

its normal position ; in fact, it may be said to have completely lost its

normal position, for even when placed on its feet it does not stand

with its fore feet erect, as does the other animal, but lies flat on the

ground. When thrown into water, instead of swimming it sinks like
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a lump of lead. ' When pinched, or otherwise stimulated, it does not

crawl or leap forwards; it simply throws out its limbs in various

ways. When its flanks are stroked it does not croak ; and when
a board on which it is placed is inclined sufficiently to displace its

centre of gravity it makes no effort to regain its balance, but falls

off the board like a lifeless mass. Though, as we have seen, there is

in all parts of the spinal cord of the frog a large amount of coordi-

nating machinery, it is evident that a great deal of the more com-
plex machinery of this kind, especially all that which has to deal

with the body as a whole, and all that which is concerned with

equilibrium and is specially governed by the higher senses, is seated

not in the spinal cord but in the brain and medulla oblongata. We
shall presently see that in the frog a great deal of this more complex
machinery is concentrated in the optic lobes. The point however

to which we wish now to call special attention is that the nervous

machinery required for the execution, as distinguished from the origi-

nation, of bodily movements even of the most complicated kind, is

present after complete removal of the cerebral hemispheres, though
these movements may require the cooperation of highly differentiated

afferent impulses \

Our knowledge of the phenomena presented by the bird or mam-
mal from which the cerebral hemispheres have been removed is not so

exact as in the case of the frog. We may however assert that volition

is absent, though movements apparently spontaneous in character are

more common with the mammal than with the frog, as might be

expected, seeing that the more complicated brain of the former affords,

even fn the absence of the cerebral hemispheres, much more op-

portunity for the origination of stimuli within the nervous system

itself, and for the play of stimuli, however originating, than does

that of the latter.

When the cerebral hemispheres are removed from a bird the

animal is able to maintain a completely normal posture, and that too

when the corpora striata and optic thalami are taken away at the

same time. It will balance itself on one leg, after the fashion

of a bird which has in a natural way gone to sleep. In fact,

the appearance and behaviour of a bird which has been deprived

of its cerebral hemispheres are strikingly similar to those of a

bird sleepy and stupid. Left alone in perfect quiet, it will remain
impassive and motionless for a long, it may be for an almost in-

definite time. When stirred it moves, shifts its position ; and then

on being left alone returns to a natural, easy posture. Placed

on its side or its back it will regain its feet ; thrown into the air,

it flies with considerable precision for some distance before it returns

to rest. It frequently tucks its head under its wings, and if by
judicious feeding it has been kept alive for some time after the

operation, it may be seen to clean its feathers and to pick up corn or

1 Cf. Goltz, Fuiictionen d. Nervencentren des Frosches, 1869.
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to drink water presented to its beak\ It may be induced to move not
only by ordinary stimuli applied to the skin, but also by sudden sharp
sounds, or flashes of light; and it is evident that its movements are

to a certain extent guided by visual sensations, for in its flight it will,

though imperfectly, avoid obstacles. Save that all signs of volition

are absent, that all satisfactory indications of intelligence are wanting,
and that the movements are on the whole clumsy, resembling rather

those of a stupid drowsy bird than those of one quite wide awake,
there is very little to distinguish such a bird from one in full posses-

sion of its cerebral hemispheres.

Even in a mammal, during the few hours which intervene between
the removal of the hemispheres and death, very much the same phe-
nomena may be observed. The rabbit, or rat, operated on can stand,

run and leap; placed on its side or back it at once regains its feet.

Left alone, it remains as motionless and impassive as a statue, save

now and then when a passing impulse seems to stir it to a sudden but
brief movement. Such a rabbit will remain for minutes together

utterly heedless of a carrot or cabbage-leaf placed just before its nose,

though if a morsel be placed in its mouth it at once begins to gnaw
and eat. When stirred, it will with perfect ease and steadiness run
or leap forward ; and obstacles in its course are very frequently,

with more or less success, avoided. It will follow by movements
of the head a bright light held in front of it (provided that the

optic nerves and tracts have not been injured during the operation),

and starts when a shrill and loud noise is made near it. When
pinched it cries, often with a long and seemingly plaintive scream.

Evidently its movements are guided and may be originated by tactile,

visual, and auditory sensations^. But there is no evidence that it

possesses either visual or other perceptions, while there is almost
clear proof that the sensations it experiences give rise to no ideas.

Its avoidance of objects depends not so much on the form of these as

on their interference with light. No image, whether pleasant or

terrible, whether of food or of an enemy, produces an effect on it,

other than that of an object reflecting more or less light. And
though the plaintive character of the cry which it gives forth when

1 Bischoff and Voit, Sitzungsberichte Acad. Wiss. Miinchen. 1863, pp. 479, 469

;

1868, p. 105.
^ Here we come upon a difficialty, -which we shall meet with again in the present

chapter. Are we justified in speaking of ' sensation' in cases where we have reason to

think that consciousness is absent, or where, as in the present instance, we have no
evidence to shew whether consciousness is present or not ? In treating of the senses

we called attention to the fact, that we must suppose in the case, for instance, of

vision, the visual peripheral organ to be connected with a visual central organ in such
a way that the sensory impulses originating in the former become modified in the

latter before they affect consciousness. In the peripheral organ and along the nerve of

sense, the affection of the nervous tissue may be spoken of as a sensory impulse; but
after the affection has traversed the central organ and become modified it is no longer

a simple sensory impulse. We must then either call it a sensation irrespective of

whether any change of consciousness intervenes or no, or we must give it a new name.
Not wishing to introduce a new name, we have ventured to use the word 'sensation'

in a sense which neither affirms nor denies the coexistence of consciousness.
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pinched suggests to the observer the existence of passion, it is pro-

bable that this is a wrong interpretation of a vocal action; the cry

appears plaintive simply because, in consequence of the complete-

ness of the reflex nervous machinery and the absence of the usual

restraints, it is prolonged. The animal is able to execute all its ordi-

nary bodily movements, but in its performances nothing is ever seen

to indicate the retention of an educated intelligence.

These phenomena are witnessed in some mammals at least not
only after the cerebral convolutions have been removed, but also

when the corpora striata and optic thalami are taken away at the

same time, so that the brain is reduced to the corpora quadrigemina
and cerebellum with the crura cerebri and pons Varolii. In re-

moving the corpora striata, however, various forced movements, of

which we shall speak presently, frequently make their appearance,

and interfere with the observation of the phenomena we have just

described; and it is stated by some observers that, even when these

do not occur, the scope of the various movements of which the animal
remains capable is much limited.

Vulpian insists^ that all the phenomena above described may be ob-

served in the total absence both of the corpora striata and optic thalami,

at least in rodents. Many authors however state that dogs differ from
rodents inasmuch as in dogs lesions of the corpora striata always entail

loss of coordination.

With the removal of that part of the brain which lies between
the hemispheres and the medulla a large number of these coordinate

movements disappear. The animal can no longer balance itself,

it lies helpless on its side, and though various movements of a
complex character, including cries, may be produced by appropriate

stimuli, they are much more limited than when these cerebral

structures are intact.

We may therefore state that in the higher animals, including
mammals, as in the frog, the body, after the removal of the cerebral

hemispheres, is capable of executing all the ordinary movements
which the animal in its natural life is wont to perform, though
these movements necessitate the cooperation of various afferent

impulses; and that therefore the nervous machinery for the execu-
tion of these movements lies in some part of the brain other than
the cerebral hemispheres. We have reasons for thinking that it is

situated in the structures forming the middle or hind brain.

Sec 2. The Mechanisms of Coordinated Movements.

When in a pigeon one of the horizontal membranous circular

canals of the internal ear is cut through, the bird is observed to

be continually moving its head from side to side. If one of the

^ Syst. Nerv. Le9. sxiv.
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vertical canals be cut tlirough, the movements are up and down.

The jDeculiar movements are not witnessed when the bird is

perfectly quiet, but they make their appearance whenever it is

disturbed, and attempts in any way to stir. When one side only

of the head is operated on, the condition after a while passes away.

When the canals of both sides have been divided, it becomes much
exaggerated, and remains permanently. And it is then found that

these peculiar movements of the head are associated with what
appears to be a complete want of coordination of all bodily move-
ments. If the bird be thrown into the air, it llutters and falls down
in a helpless and confused manner, having apparently totally lost the

power of orderly flight. If placed in a balanced position, it may
remain for some time quiet, generally with its head in a peculiar

posture ; but directly it is disturbed, the movements which it attempts

to execute are irregular and fall short of their purpose. It has

great difficulty in picking up food and in drinking; and in general

its behaviour very much resembles that of a person who is exceed-

ingly dizzy.

it can hear perfectly well, and therefore the symptoms cannot

be regarded as the result of any abnormal auditory sensations, such

as 'a roaring' in the ea'rs. Besides, any such stimulation of the

auditory nerve as the result of the section, would speedily die away,

owing to exhaustion of the nerve, whereas these phenomena may be
permanent.

The movements are not due to any uncontrollable impulse;

a very gentle pressure of the hand suffices to stop the movements
of the head, and the hand in doing so experiences no strain. The
assistance of a very slight support enables movements otherwise

impossible or most difficult, to be easily executed. Thus, though
when left alone the bird has great difficulty in drinking or picking

up corn, if its beak be plunged into water, or into a heap of barley,

it will continue to drink or eat with ease ; the slight support of the

water and of the grain being sufficient to steady its movements. In
the same way, it can, even without assistance, clean its feathers and
scratch its head, its beak and foot being in these oj)erations guided

by contact with its own body.

The symptoms manifest themselves without any injury to, or change

in, the cerebellum or other parts of the brain being discoverable.

The easiest mode of explaining the phenomena is to suppose that

the animal is unable, without direct contact sensations, to appreciate

the position of its own head. The accompanying disorderly flight may
be regarded as a secondary consequence of this, for pigeons whose
heads are artificially fixed in any of the peculiar positions assumed by
the heads of birds thus operated on, are said to be similarly unable

to fly\ And we may further suppose that the sense of equilibrium,

^ Goltz, FfliKjer'i Arcldv, iii. (1870) p. 172.
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whereby the position of the head is recognised, is the product of

afferent impulses originated by variations of pressure in the am-
pullse of the semicircular canals, and conveyed to the brain by the
auditory nerve, but not giving rise to auditory sensations. The
three semicircular canals are in planes nearly at right angles to one
another ; hence in any given position of the head, the pressure on
the different ampullae would be different, and in any movement
of the head, the ampullae would be differently affected. A sonorous
wave, on the other hand, would affect all the ampullee equally. Our
judgment concerning the position of any part of our body is deter-

mined in part by the muscular sense, by sight, touch, and by
affections of general sensibility ; but we may imagine that in addi-

tion to these we are continually receiving afferent impulses as it

were of a new sense, from the semicircular canals, which not only

determine our ideas concerning the position of our body, but also

enter, without any dii'ect effect on consciousness, into, and form a
part of—an afferent factor of—the coordinating mechanism of our
more complex bodily movements. There are many ways in which
we could tell even with our eyes shut, whether we were standing
on our heads or our feet, or how much we were inclined to the
horizon ; but these means would fail us when, placed perfectly flat

and quiet on a horizontal rotating table, with the eyes shut, and
not a muscle stirring, we attempted to ascertain how much we were
turned to the right or to the left. Yet according to Crum Brown \
we can under such circumstances pass a tolerably successful judg-
ment as to the angle through which we are moved. If we suppose
that the movement causes pressure on the ampullse, we may out
of the consequent sensations form such a judgment.

Wlien a person under siich circumstances is rotated for some time,
tlie sense of rotation ceases to be felt; but on the rotation ceasing a sense
of beidg rotated in the opposite direction is set uj) : a complementary or
more strictly a rebound sensation is caused. Regarding the sensation as

due to the movement of the fluid in the canals, Crum Bi'own supposes
that the effect is different according as the flow is from the ampulla into
the canal, or from the canal into the ampulla, and that thus we are able
to recognise the direction of the rotation, whether positive or negative,

ex. gr. to the right or to the left, and so on. Hence the existence of
six ampullae, two for each of the three axes of rotation ; and Crum Brown
asserts that in man and all animals which he has examined the two
exterior canals of the two ears are very nearly in the same plane, and the
superior canal of one ear very nearly in the same plane as the posterior

canal of the other.

It is well known that when we rotate rapidly with the ej^es

open we feel dizzy. But no vertigo appears when we are rotated
with the eyes shut, though it may appear the moment the eyes are

1 Journ. Anat. Phys. 1874, p. 327; see also Mach. Lehre v. d. Bewegungs-Empjlnd.
1875; Breuer, Wien. Med. Jahrb. 1874, p. 72; 1875, p. 87.
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opened. Yertigo in this case seems to be the result of a conflict

between visual sensations and the sensations arising from this

peculiar stimulation of the auditory nerve. And in the so-called

Meniere's disease, vertigo is associated with disease of the semi-
circular canals, or at least of the internal ear.

A difficulty is presented by the fact that the canals are all continuous

;

and hence if the effects of section are simply due to loss of fluid, and con-

seqiient absence of variations in pressure, the section of one canal ought to

produce the same effect as that of all of them; but this apparently is not

the case.

The injury which causes the loss of coordination need not be
confined to the peripheral organs of the auditory nerve. Section of

the auditory trunk produces similar effects in the mammal and the

frog.

Whatever be the explanation of the exact way in which the

semicircular canals exercise this influence, it is clear that afferent

impulses of some sort or other do pass into the brain from
these organs, and take a part in the development of the co-

ordinating mechanism so important that changes in these im-
pulses go far to throw the whole mechanism into disorder, or

at least to impair its proper working. It is not necessary that

these afferent impulses should directly affect consciousness (or,

to speak more correctly, should affect that complete consciousness

which is associated with volition), and so develope into distinct

perceptions. We have seen that a bird from which the cerebral

hemispheres have been removed is perfectly able to fly; and
that therefore the coordinating nervous mechanism necessary

for flight is situated in the parts of the brain lying behind the

cerebral hemispheres. We have also dwelt on the fact that all

the chief coordinating mechanisms of the frog lie in the hind

parts of the brain
;
yet in the frog, as in the bii'd, and we may

add, as in the mammal, injur}'- to the semicircular canals produces

loss of coordination whether the hemispheres be present or no. Now,
we have no satisfactory reasons for either asserting or denying that

what we call consciousness exists in animals deprived of their

cerebral hemispheres. When signs of volition are present, we may
safely take these signs as indications of consciousness also ; but we
are not justified in saying that all consciousness is absent when
satisfactory signs of volition are wanting. We cannot form any just

judgment on the matter without some more trustworthy and objec-

tive tokens of consciousness than we at present possess. But what
we may safely assert is, that the coordinating mechanism, the

retention of which is so striking a feature of an animal deprived

of its cerebral hemispheres, is constructed out of divers afferent

impulses of various kinds arriving at the coordinating centre from
various parts of the body, that in fact the coordination taking

place at the centre is the adjustment of efferent to afferent impulses.
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Many, if not all, of these afferent impulses are such that in the

presence of consciousness they would give rise to sensations and
ideas ; but we have no reason for thinking that the complete

development of the afferent impulse into a sensation or an idea

is always necessary to the carrying out of coordination. We may
say that we have a sense of equilibrium by means of the semicircular

canals, and when that sense is deranged, we feel giddy and cannot
stand. We have no reason, however, for thinking that the failure

to keep upright is due to the feeling of giddiness, in the sense of

being a direct result of the condition of the consciousness. On the

contrary, since the peculiar movements characteristic of vertigo may
take place in the absence of consciousness without the vertigo being
actually felt, we may with security assert that the failure to stand

upright and the feeling of giddiness are both concomitant effects

of the same disarrangement of the coordinating mechanism.
It cannot be too much insisted on that for every bodily movement

of any complexity afferent impulses are as essential as the executive

efferent impulses. Our movements, as we have already urged, are

guided not only by the muscular sense, but also by contact sensations,

auditory sensations, visual sensations, and visual perceptions (for the
remarks made above concerning the relations of the coordinating

mechanism to consciousness do not exclude the possibility of conscious-

ness affecting the mechanism) ; and when we say ' they are guided,'

we mean that without the sensations the movements become impos-
sible. In studying vision we saw repeatedly that the movements of

the eyes were directly dependent on vision, and every ball-room

affords abundant evidence of the ties between sensations of sound and
motions of the limbs. So essential, in fact, are afferent impulses to

the development of complex bodily movements, that we are almost
justified in considering every such movement in the light of a reflex

action made up of afferent and efferent impulses and central actions,

and set going by the influence of some dominant afferent impulse,
or by the direct action of the will on the centre itself. All day long
and every day multitudinous afferent impulses, from eye, and ear,

and skin, and muscle, and other tissues and organs, are streaming
into our nervous system ; and did each afferent impulse issue as its

correlative efferent motor impulse, our life would be a prolonged con-
vulsion. As it is, by the checks and counter-checks of cerebral and
spinal activities, all these impulses are drilled and marshalled, and
kept in hand in orderly array till a movement is called for ; and thus
we are able to execute at will the more complex bodily manoeuvres,
knowing only why, and unconscious or but dimly conscious how, we
carry them out.

We have ventured to use the phrase ' coordinating centre,' but it

must be understood that we have no right to attach more than a
general meaning to the words. We cannot, at present at least, define

such a centre in the same way that we can the vaso-motor or respira-

tory centre. When the optic lobes as well as the cerebral hemispheres

F. P. 32
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are removed from the frog, the power of balancing itself is lost ; when
such a frog is thrown off its balance by inclining the plane on which
it is placed, it falls down. The special coordinating mechanism for

balancing must therefore in this animal be situated in the optic

lobes : but after removal of these organs, the animal is still capable

of a great variety of coordinate movements ; unlike a frog retaining

its spinal cord only, it can swim and leap, and when placed on its

back immediately regains the normal position. The cerebellum of

the frog is so small, and in removing it injury is so likely to be done

to the underlying parts, that it becomes difficult to say how much of

the coordination apparent in a frog possessing cerebellum and me-
dulla is to be attributed to the former or to the latter; probably,

however, the part played by the former is small. In the mammal,
as we have stated, removal of the whole middle and hind brain does

away with the most marked of these coordinating mechanisms.

Removal of the pons Varolii alone has the same effect. Injury to,

or disease of, the more superficial parts of the corpora quadrigemina

or of the cerebellum, does not appear to influence the movements
of the body at large to any striking extent ; but there are many
pathological cases, as well as experimental observations, tending to

associate the coordinating mechanisms of which we are speaking with

the deeper parts of the cerebellum. It would be hazardous, in the

present state of our knowledge, to make any definite statement con-

cerning the share taken by these several cerebral structures in the

various coordinations.

The results of experiments are in many ways conflicting, but still more
conflicting and. still less trustworthy are the results of pathological obser-

vations. In this and in so many other parts of physiology the so-called

'experiments of nature' as seen at the bed-side, are extremely useful in

suggesting and correcting exjDerimental inquiries ; but they prove broken
reeds when reliance is placed on them alone. There is hardly a thesis in

cerebral physiology, in respect of which a long array of 'cases' may not

be quoted strikingly supporting the views enunciated, and a long array as

flatly contradicting them.

Forced Movements.

All investigators who have performed experiments on the brain,

have observed as the result of injury to various parts of it remark-
able compulsory movements. One of the most common forms is that

in which the animal rolls incessantly round the longitudinal axis

of its own body. This is especially common after section of one of

the crura cerebri, more particularly of the external and superior

parts, or after unilateral section of the pons Varolii, but has also

been witnessed after injury to the medulla oblongata and corpora

quadrigemina. Sometimes the animal rotates towards and sometimes
away from the side operated on. Another form is that in which the

animal executes 'circus movements,' i.e. continually moves round and
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round in a circle, sometimes towards and sometimes away from the
injured side. This may be seen after several of the above-mentioned
operations, but is perhaps particularly common after injuries to the
corpora striata and optic thalami. There is a variety of the circus

movement said to occur frequently after lesions of the nates, in which
the animal moves in a circle, with the longitudinal axis of its body as

a radius, and the end of its tail for a centre. And this form again
may easily pass into a simply rolling movement. In yet another form
the animal rotates over the transverse axis of its body, tumbles head
over heels in a series of somersaults ; or it may run incessantly in a
straight line backwards or forwards until it is stopped by some
obstacle. These latter forms of forced movements are frequently seen
after injury to the corpora striata ; and Nothnagel speaks of a limited
portion of the grey matter of the corpus striatum as the nodus cur-
sorius, the injection of chromic acid into which produces in the rabbit
the straight-forward running. Lastly, many, if not all, these various
forced movements may result from injuries which appear to be
limited to the cerebral hemispheres.

Attempts have been made to explain the rotatory movements by
reference to unilateral paralysis or to spasm of various muscles of the
body caused by the cerebral injury ; and in the case of the ' circus

'

movements with partial hemiplegia, which follow upon injury to the
corpora striata or other parts, the explanation that the animal in pro-
gressing forward naturally bears on its paralysed or weak side seems a
valid one ; but the movements may frequently be witnessed in the
complete absence of either paralysis or spasm, and cannot there-

fore be always so explained. On the other hand, if the views urged
just now concerning the nature of the coordinating mechanisms of the
brain are true, it is evident that they afford a general explanation of

the phenomena, though our present knowledge will not permit us
to explain the genesis of each particular kind of movement. Such
gross injuries as are involved in dividing cerebral structures or in
injecting corrosive substances into the midst of cerebral organs,

must of necessity, either by irritation or otherwise, seriously affect

the transmission not only of afferent impulses in their cerebral course,

but also of central impulses, inhibitory and the like, passing from one
part of the brain to another ; and must therefore seriously affect the
due working of the general coordinating mechanisms. The fact that
an animal can, at any moment, by an effort of its own will, rotate on
its axis or run straight forwards, shews that the nervous mechanism
for the execution of those movements is ready at hand in the brain,

waiting only to be discharged ; and it is easy to conceive how such a
discharge might be affected either by the substitution of some potent
intrinsic afferent impulse for the will or by some misdirection of the
volitional impulses. Persons who have experienced similar forced

movements as the result of disease report that they are frequently ac-
companied, and seem to be caused, by disturbed visual or other sensa-
tions ; they say they fall forward because the ground appears to sink

32—2
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away beneath their feet. Without trusting too closely to the inter-

pretations the subjects of these disorders give of their own feelings,

we may at least conclude that the disorderly movements are due to a
disorder of the coordinating mechanism, which in many cases is itself

the result of disordered sensory impulses, and not to any paralytic or

other failing of the simple muscular instruments of the nervous sys-

tem. And this view is supported by the fact that many of these

forced movements are accompanied by a peculiar and wholly abnormal
position of the eyes, which alone might perhaps explain many of the

phenomena.

Sec. 3. The Functions of the Cerebral Convolutions.

All the older observers, Flourens and others, agreed that when the
cerebral hemispheres were gradually removed, piece by piece or

slice by slice, no obvious effects manifested themselves, either in

the intelligence or volition of the animal, when the first portions only

'

were taken away ; but that, as the removal was continued, the
animal became more and more dull and stupid, until at last both
intelligence and volition seemed to be entirely lost. It has been
frequently observed that after wounds of the skull large portions of

the brains of men might be removed without any marked effect on
the psychical condition of the patients. The brain when exposed
was found not to be sensitive ; and ordinary stimuli applied to the
surface of the convolutions of animals failed in the hands of most
experimenters to produce any clearly recognisable effect. Hence it

became very common to deny the existence of any localization of

functions in the convolutions of the hemisphere, and to speak of the
brain as 'acting as a whole,' whatever that might mean. On the

other hand, there was clear evidence that not only did disease of the
superficial grey matter of the hemispheres cause delirium, as in

meningitis, but sometimes convulsions either of an epileptic charac-

ter or localized to particular groups of muscles ^ Hitzig and Fritsch'^

were the first to shew that the local application of the constant

galvanic current to particular convolutions and to particular parts of

convolutions gave rise to definite coordinate movements of various

groups of muscles. Thus while the stimulation of one spot (Fig. 60)
caused movements in the muscles of the neck, another caused ex-

tension with adduction of the fore leg, a third movements of the hind
leg, a fourth movements of the eye and other parts of the face. In
fact, they and Ferrier^, who using chiefly the interrupted or faradaic

current, repeated and extended their observations, were able to map
out the convolutions of the front and middle part of the hemisphere of

the dog (Fig. Gl), cat, monkey (Figs. 62, 63), and other animals, into

^ Hughlings-Jackson, Clinical and Physiol. Researches, 1873.
^ Reichert u. Du Bois-Reymond's Archiv, 1870, p. 300. See also Hitzig, Das

Gehirn, Berlin, 1874.
^ ]yest Hiding Reports, Vol. iii. 1873. See also his Functions of the Brain, London,

1870.
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Fig. 60. The Akeas of the Cerebral Convolutions op the Dog, according to

HiTZIG AND FkITSCH.

(1) A The Area for the muscles of the neck.

(2) +' ,, „ extension and adduction of the fore limb.

(3) + „ „ flexion and rotation of the fore limb.

(4) tt 1, !, hind limb.

Eunning transversely towards and separating (1) and (2) from (3) and (4) is seen
the crucial sulcus.

(5) The facial Area.

FiG. 61. The Aeeas of the Cerebral Convolutions of the Dog, according to

Ferbier.

0. The Olfactory Lobe. A. The Fissure of Sylvius. B. The Crucial Sulcus.

Faradaic stimulations of the areas indicated by the several circles produce the

following results.

(1) The hind leg is advanced as in walking.

(3)1 Lateral or wagging motion of the tail.

(4) Eetraction and adduction of the opposite fore limb.

(5) Elevation of the shoulder of, and extension forwards of the opposite fore hmb.

1 There is in the dog no movement comparable to that resulting from stimulating

(2) (Figs. 62, 63) in the monkey. (Ferrier.)
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(7)

(8)

(9)1

(11)

(12)

(13)

(14)

(15)

(16)

Closure of the opposite eye caused by combined action of the orbicular and zygo-

matic muscles.

Retraction and elevation of the opposite angle of the mouth.

The mouth is opened and the tongue moved, sometimes barking is produced.

Hetraction of the angle of the mouth.
Opening of the eyes and dilation of the pupils ; the eyes and then the head turn-

ing to the opposite side.

The eyeballs move to the opposite side.

Pricking or sudden retraction of the opposite ear-

Torsion of the nostrU on the same side.

Elevation of the Hp and dilation of the nostril (?).

Fig, 62.

Figs. 62, and 63. Side and upper views of the Beain of Man, with the aeeas
OF THE CeKEBBAL CONVOLUTIONS, ACCOEDING TO FeEBIEE.

The figures are constructed hy marhing on the brain of man, in their respective situa-

tions, the areas of the brain of the mmikey as determined by experiment, and the descrip-

tion of the effects of stimulating the various areas refers to the brain of the monkey.

(1) (On the postero-pai'ietal [superior parietal] lobule). Advance of the opposite

hind limb as in walking.

(2), (3), (4) (Around the upper extremity of the fissure of Eolando). Complex move-
ments of the opposite leg and arm, and of the trunk, as in swimming.

(a),{b),{c),{d). (On the postero-parietal [posterior central] convolution). Individual

and combined movements of the fingers and wrist of the opposite hand.
Prehensile movements.

(5) (At the posterior extremity of the superior frontal convolution). Extension for-

ward of the opposite arm and baud.

Corresponding to (9) and (10) in the monkey.
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Fig. 63.

(6) (On the upper part of the antero-parietal or ascending frontal [anterior central]

convolution). Supination and flexion of the opposite forearm.

(7) (On the median portion of the same convolution). Eetraction and elevation of

the opposite angle of the mouth by means of the zygomatic muscles.

(8) (Lower down on the same convolution). Elevation of the ala nasi and upper lip

with depression of the lower lip, on the opposite side.

(9), (10) (At the inferior extremity of the same convolution, Broea's convolution).

Opening of the mouth with (9) protrusion and (10) retraction of the tongue.

Region of Aphasia. Bilateral action.

(11) (Between (10) and the inferior extremity of the postero-parietal convolution).

Eetraction of the opposite angle of the mouth, the head turned slightly to one

side.

(12) (On the posterior portions of the superior and middle frontal convolutions). The
eyes open widely, the pupils dilate, and the head and eyes turn towards the

opposite side.

(13), (13') (On the supra-marginal lobule and angular gyrus). The eyes move towards

the opposite side with an upward (13) or downward (13') deviation. The
pupils generally contracted. (Centre of vision.)

(14) (On the infra-marginal or superior [first] temporo-sphenoidal convolution).

Pricking of the opposite ear, the head and eyes tui-n to the opposite side,

and the pupils dilate largely. (Centre of hearing.)

Ferrier moreover places the centres of taste and smell at the extremity of the

temporo-sphenoidal lobe, and that of touch in the gyras uncinatus and hippocampus

major.
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a Dumber of precisely limited areas, the stimulation of each area

producing a distinct and limited movement, while stimulation of a

large surface produced general convulsions. The movements were

so precise that they answered each to the spot stimulated almost

as completely as a note answers to a key struck on the piano.

A relationsliip has also been observed between the brain surface and the

secretion of saliva, the beat of the heart, the condition of the pupil, the

action of vaso-motor nerves, and other organic functions. Eulenburg and
Landois^ find that extirpation of the motor areas for the extremities causes

a rise of temperature (lasting in some cases for months) in the corresponding

limbs ; and Hitzig had previously observed the same thing, Balogh ^

describes in the dog and rabbit, areas in the cerebral surface stimulation of

which causes acceleration of the heart's beat, and other areas stimulation of

which slows the heart. Bochefontaine^ observed that stimulation of the

cerebral surface in the neighbourhood of the crucial sulcus produced a rise

of arterial pressure with alternating acceleration and retardation of the

heart's beat. Among other results of stimulating the same and other

regions of the surface he witnessed increased flow of saliva, contraction of

the spleen, bladder, uterus, &c., and dilation of the pupil; the last efiect

might follow upon stimulation of almost any point of the cerebral surface.

But on these points the results of various observers are by no means
constant*. Hsemorrhage into the lung has been observed in the rabbit to

follow upon stimulation of the cerebral surface ^

These experiments leave no doubt that there is a connection

between galvanic stimulation of the brain surface and bodily move-
ments; but the exact nature of this connection is at present very

obscure. One thing may be at least affirmed, that these cerebral

spots are not motor centres in the sense that the coordination of

the movements takes place in them ; for we have seen that the most
complete coordination obtains in the total absence of the cerebral

hemispheres. If there is any real connection between the movements
and the grey matter of the convolutions, it must be because the

latter has direct relations with the coordinating mechanisms placed

lower down in the brain.

It seems a priori unlikely that such valuable material as we must needs

suppose the grey matter of the convolutions to be, should be taken up in

such, so to speak, menial work as bending or straightening a limb ; and the

results of subsequent observers have largely diminished the value which

was at first attached to Hitzig's observations. Not only do the phenomena
continue when the animal is under opium and chloroform, provided that

the anaesthesia is not too profound, and not only do they require for their

development currents of a considerable strength, mechanical and chemical

1 Virchow's ArcMv, 68 (1876), p. 245,
2 Hofmann and Schwalbe's Bericht, 1876, p. 38.
^ Archives de Physiol, iii. (1876) p. 140.
^ Brown-Sequard, Archives de Phys. ii. (1875) p, 854. Eckhard, Beitrtige, vn.

(1876) 199.
5 Nothnagel, Chi. Med. Wiss. 1874, p, 209,
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stimulation being unable to produce them, but tlie results of stimulation

are the same, when the surface of the convolution operated on is highly-

congested, and even when it has become completely dried, up, or after

it has been washed with strong nitric acid. The results, moreover, re-

main unchanged when the area experimented upon is isolated from the

surrounding grey matter, by plunging a cork-borer for some distance into

the brain round it; and even when the brain substance is removed to some

depth down by means of the cork-borer, and the electrodes plunged into

the blood which fills up the vacant cylindrical hole\ They remain the

same when the surface stimulated is disconnected physiologically though

not physically from the deeper parts, by a horizontal incision carried

some little distance from the surface". And though the area, stimulation

of which gives rise to a definite movement, is always limited, yet it is

not constant in difierent individuals, and frequently a large and deep

sulcus may be seen running through its very midst ^ All these facts

suggest that the results are due to the escape of the current from the surface

to which the electrodes are applied to deeper underlying portions of the

brain, the escape taking place along definite lines determined by the elec-

trical conductivity of the brain substance. And Burdon Sanderson* states

that local stimulation of the white matter immediately surrounding a

corpus striatum produces localized movements quite similar to those caused

by stimulation of the corresponding cei-ebral surface ; from which it may
be inferred that when the surface appears to be stimulated, it is really

the corpus striatum which is affected physiologically by the stimulus.

Albertoni and Michieli^ however found that several weeks after the

removal of an area stimulation of the scar or its immediate neighbour-

hood no longer produces the particular movements characteristic of the

area. Unless it can be shewn that the injury in such cases produces

marked changes in the electrical conductivity of the brain substance, this

observation may be taken as indicating that the fibres passing downwards
from the area to deeper parts of the brain, have through degeneration

become incapable of conveying the impulses set going by the application of

the current to the brain surface ; that the connection between the area and

the deeper parts is not a physical one, depending on the escape of the

current, but a physiological one, dependent on the existence of fibres passing

from the area to some more central mechanism and capable of producing

their special effects when stimulated in any part of their course.

At all events, these various experiments shew very clearly that the

fact of certain movements following upon stimulation of certain areas, is

no proof that those areas are to be considered as motor centres. They are

not fundamentally inconsistent with the hypothesis that such centres

exist; for the fibres proceeding from the centres to the corpus striatum

or to other organs, might, when artificially stimulated, produce the same

effect as when they were the channels of impulses originating in the centres

in a normal manner, just as cardiac inhibition may be brought about by
artificial stimulation of the vagus, though in ordinary life it occurs through

1 Hermann, Pfliiger's Archiv, x. (1875) 77. Braun, EcMiard's Beitrdge,Yii. (1874) 127.
2 Burdon Sanderson, Proc. Eoy. Soc. xxii. (1875) 368.
3 Hermann, op. cit. * Op. cit.

5 Hofmann and Schwalbe's Bericht, 1876, p. 30.
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tlie activity of the medullary cardio-inliibitory centre. They are not in-

consistent with the hypothesis, but they afford it very little support.

On the other hand, if these circumscribed areas of superficial grey matter
were, as they have by some been supposed to be, motor centres in the

sense of being necessary for the initiation of voluntary movements corre-

sponding to those produced by ai-tificial stimulation, particular sets of volun-

tary movements ought to disappear when the particular areas are removed
by incision, or rendered functionally incapable by chromic acid injection

or otherwise.

On this point however the various observers disagree. Ferrier' states

that removal of the convolution or area stimulation of which according

to him causes movements of the eyeballs and a turning of the head, brings

about total blindness of the opposite eye ; and he is accordingly led to the

conclusion that the area in question is ' a sensory centre,' a ' visual centre,'

and that the movements following upon stimulation of it are simply the
results of an excitation of visual sensations. He similarly finds an
' auditory centre,' the removal of which causes deafness, a ' tactile centre,',

and centres for taste and smell. Other areas he regards as 'motor'
centres, and states that their removal produces localized paralysis without
impairment either of general sensation or of any of the special senses.

Hitzig on the other hand is inclined to interpret the imperfect movements
which make their appearance as due to a loss of muscular sense or

'muscular consciousness;' and NothnageP, who injected minute quan-
tities of chromic acid into limited areas of the cerebral surface, observed
niotorial anomalies, which he also was inclined to regard as due to a loss

or impaii-ment of the muscular sense. ISTothnagel however made the

important observation that the symptoms after a while disappeared; and
in this he has been corroborated by subsequent observers. Fei-rier appears
to have kept his animals alive for a few days only at the utmost, and to

have ceased his observations before any such recovery had taken place.

Hermann^ removed from dogs cerebral areas, stimulation of which gave
localized movements, and found that the paralysis and loss of sensa-

tion which immediately followed the operation, after some days wholly
disappeared. Carville and Duret^ obtained the same results, and they shewed
that the restitution of power could not be due to a vicarious action of the

same centre of the other hemisphere, since after recovery from a left-sided

paralysis due to an operation on the right hemisphere, subsequent
operation on the same centre of the left hemisphere produced the usual

eifect on the right side, but did not cause a retui-n of the pai'alysis

on the left side. They could only reconcile their results with the
' motor centre ' theory by supposing that when a centre was destroyed,

other portions of the same hemisphere took up its functions. But the most
serious objections to the theory of superficial cerebral centres in any of the

forms in which it has as yet been brought forward, are furnished by the

recent observations by Goltz° on dogs. He removed parts of the cere-

bral surface by washing the nervous substance away with a stx-eam of

water, a method which has the advantage of causing comparatively little

bleedmg, and affording considerable localization of the injury ; and he

1 Op. cit. 2 Vh-chow's Arcliiv, Bd. 57 {187.S), p. 184.
3 Op. cit. * Archives de Physiol, n. (1875) p. 352.
6 PHiiger's ArcUv, xiii. (1876) p. 1, xiv. (1877) p. 412.
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found that tlie operation was followed at first by diminislied sensation and
voluntary power on the opposite side of the body ; imperfect sight or even

blindness of one eye being also a constant result. Flourens and other

inquirers had previously observed a special connection between sight

and the cerebral convolutions. These effects, however, were temporary only,

and eventually the animal appeai"ed to recover completely ; so much so that

upon a hasty examination the animal seemed perfectly normal. Goltz insists

most strongly that both the paralysis of voluntary movement and the dimi-

nution of cutaneous sensibility, as well as the imperfection of sight, occurred

whatever part of the train ivere removed. They were witnessed when jDor-

tions of the posterior lobe, which, according to Hitzig and Eerrier, contains

no motor centres, were removed ; the partial blindness came on whether

Fei'rier's visual centre were taken away or not. Both the amount of

mischief done, and the speed and completeness with which recovery took

place, depended not on the locality operated on, but, as older observers

found, on the quantity of brain substance removed. After recovery from
one operation, a second removal of brain substance reproduced the same
phenomena as the previous one ; and, though at first sight this might be

taken as supporting Carville and Duret's theory of a vicarious action of

other parts of the same hemisphere, the impossibility of such a view is

proved by the fact that Goltz was able to remove the greater part of the

grey matter of one hemisphere, and yet recovery, except in the points to be

mentioned directly, eA'entually took place. Goltz argues that all the tem-

porary phenomena are due to the superficial lesions exercising inhibitoiy

influences on the parts of the brain lying between the cerebral convolutions

and the spinal cord. He very aptly compares the paralysis caused by
operations on the surface of the cerebrum to the paralysis of the lumbar
spinal centres which results from and lasts some time after division of the

spinal cord in the dorsal region. When the injury had been extensive the

recovery was very slow, and was obviously hastened by educational exer-

cise. The dog gradually learnt to regain the power of which the operation

for a time had deprived him. Nevei-theless, in spite of apparently complete

recovery, careful observation shewed that for weeks after a considerable

portion of the cerebral sui-face had been removed, certain things remained
permanently lacking. The sight was always impaii-ed in such a way that,

though the animal could see sufficiently to guide his movements, distinct

scenes ceased to have any effect on him. A dog which before the operation

became violently excited when the laboratory servant dressed ia a fantastic

garb was presented to him, was not in the least affected by the same after

the operation, at a time Avhen he seemed otherwise to have completely

recovered. He had, we might almost say, visual sensations, but visual

perceptions were either absent or very dim. Again, a dog which had
been trained to give his left paw into his master's hand, never regained the

power to do this after portions of the right hemisphere had been re-

moved; when asked, he gave the right paw, and when the left was insisted

on he crossed over the right paw to the left side. He knew what was
wanted, but there was a break in the nervous machinery connecting the

intellectual volition with the coordinate motor impulses necessary for raising

the left paw. He could, however, lift the left paw for the purpose of

walking, when the same or very similar impulses were set going from
another quarter. It should be added, however, that in cases where a small
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amount of the cerebi-al substance had been removed, this power of ' giving

the paw' was regained; and it is of course possible that in all cases, the

restitution both of movements and of sight would in the end have become
complete if the animals had lived for months instead of weeks after the

operation.

Besides the experimental evidence just discussed we have also

striking pathological proof of the connection of certain movements
with a particular convolution. The condition known as aphasia,

using that word in its general sense, including its several varieties,

as meaning the loss of articulate speech, is so often associated with
disease of the posterior portion of the third frontal convolution

Fig. 62 (9) (10), that it becomes impossible not to admit that there

must be some causal connection between this part of the brain and
speech. In the vast majority of cases the disease is on the left

side of the brain and occurs in company with right hemiplegia, but
cases have been recorded where the right side of the brain was"
affected.

Seeing that articulate speech is a thing learned by use, it has been

suggested that in most persons one side of the brain only has been educated

for this purpose, and hence that one side only of the brain is employed

;

that we are in fact left-brained in respect to speech in the same way
that we are right-handed in respect to many bodily movements ; and this

view is apparently supported by the fact that the left side of the brain is

on the whole larger and more convoluted than the right side^; but the

question of the dual action of the two cerebral hemispheres is too dark a

subject to enter into here.

It is obvious that loss of speech, may arise from a variety of causes.

It may be due to simple paralysis of the hypoglossal, and other nerves

concerned in speech. It may be occasioned by an imperfection in the

coordinating mechanism by which the efferent impulses are marshalled

just previous to their exit from the central nervous system. Or it may
be caused by a break in the nervous chain connecting the idea of the word
Avith this coordinated motor mechanism of expression. Lastly, the fault

may. lie in the generation of the idea itself. It is the two latter forms of

aphasia which appear to be connected with the cerebral convolution spoken

of above. The cases are strikingly parallel to that of the dog just

mentioned.

1 This statement by Gratiolet has however been opposed by Ecker and others ; but

cf. Boyd [Phil. Trans. 1861, p. 261).
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Sec. 4. The Functions of other Parts of the Brain.

Altliough. much has been written, and many experiments per-

formed, in reference to the various parts of the brain, the views which

have thereby been worked out are for the most part neither satis-

factory nor consistent ; indeed, the proper method to study the brain

is probably to trace out a cerebral operation along its chain of events

rather than to seek to attach readily definable functions to the

cerebral anatomical components.

A fimdamental difficulty meets us at the threshold of every inquiry

into the particular function of any part of the brain. When an organ,

such for instance as the corpus striatum, is removed by the knife, or

placed hors de combat, or thrown into an abnormal condition, by the

injection of coi'rosive fluids, or by a hsemorrhage, or by other patho-

logical changes, we have no right to infer that the negative phenomena,

loss of volition, loss of sensation, &c., which make their appearance, prove

that in its normal condition the organ in question is a seat or a main
tract of volition, of sensation, &c. This may be the explanation of the

experiment or malady; but it may not. Whatever may prove in the end

to be the nature of nervous inhibition, it is clear that inhibitoiy actions are

important factors in the j)roduction of nervous phenomena; they are so

prominent in the spinal cord, that we may be sure they play a distinguished

part in cerebral operations. But if this be so, the removal of an organ

may, by the withdrawal of an accustomed check, put an end to the work-

ing of a machinery, with which it is otherwise only indirectly connected

;

and, conversely, unusual inhibitory impulses or inhibitory impulses of

unusual intensity, started in an organ by the presence of a blood-clot, or by
other pathological changes, may be sufficient to stop the progress of events

in some quite distant parts of the brain. We have already referred to

Goltz's explanation of the temporary paralysis resulting from injuries to the

cerebral surface, that it was due not to the mere loss of the piece of brain

taken away, but to the fact of the removal acting in some way or other on

the rest ofthe nervous system, in a mamaer which we cannot at present define

more closely than by calling it inhibitory. In the case of the dog (p. 328)

whose dorsal cord was divided, pinching the skin of the leg or lower part of

the body inhibited the reflex act of micturition. There can be no doubt

that if amputation of the leg were performed on such a dog, micturition

would become impossible for several days at least. In such an instance

there would be no difficulty in distinguishing between 'loss of micturition

'

due to desti'uction of the himbar cord and that due to amputation of the

leg; but the difficulties of cerebral physiology are such that we might be

led in speaking of the brain to make a statement which would have a

parallel in the assertion that the leg was 'the seat of reflex micturition.'

Difficulties such as these are far more likely to occur in cases of disease

than in those of operative interference; and it is this which renders

caution so necessary in the physiological handling of clinical facts. For

instance, because right hemiplegia has been at times observed in cases

of disease apparently limited to the right corpus striatum, it does not follow

that the generally admitted connection, of which we shall speak directly,
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between eacli corpus striatum and the opposite side of the body, is un-
founded \

We may therefore be permitted to summarise very briefly what is

actually known.

Corpora Striata and Optic Thalami.

The preceding discussions enable us to lay down two broad pro-

positions: (1) The functions of the cerebral convolutions are eminently

psychical in nature ; these parts of the brain intervene, and as far as

we can judge, intervene only, in the operations of the nervous

system as intellectual and volitional factors. (2) The hinder parts

of the brain, viz, the corpora quadrigemina, crura cerebri, pons
Varolii, cerebellum, and medulla oblongata, are capable by them-
selves of carrying into execution complex movements, the coordina-

tion of which implies very considerable elaboration of afferent

impulses ; they can do this even in the case of such mammals as

the rabbit and the rat, in the total absence of the cerebral hemi-
spheres, corpora striata, and optic thalami. These two latter bodies,

often spoken of as 'the basal ganglia,' are undoubtedly the great

means of communication between the cerebral hemispheres on the

one hand and the crura cerebri on the other. Though some fibres^

do pass from the crura by or through the ganglia to the cerebral convo-

lutions without being connected with the nerve-cells of those ganglia,

the great mass of the peduncular fibres are probably connected with

the superficial grey matter of the hemispheres in an indirect manner
only, the lower or anterior fibres (crusta) passing first into the

corpora striata, and the upper or posterior fibres {tegmentum) into

the optic thalami. This anatomical disposition would lead us to

suppose that these bodies have important functions in mediating

between the psychical operations of the cerebral convolutions on
the one hand, and the sensori-motor machinery of the middle and
hind brain on the other ; and the separate courses taken by the

peduncular fibres would further lead us to expect that the functions

of the corpora striata differ fundamentally from those of the optic

thalami.

When in the human subject a lesion occurs involving both

these bodies, on one side of the brain, the result is a loss of sensa-

tion in, and voluntary power over, the opposite side of the body
and face, a so-called hemiplegia, which may be absolutely com-
plete without any impairment, whatever of the intellectual faculties.

The will and the power to receive impressions are present in their

entirety, but neither efferent nor afferent impulses can make
their way to or from the peripheral organs and the cerebral con-

volutions. The injury to the basal ganglia blocks the way. In

1 Cf. Brown-S(5quard, Archives de Physiol, iv. (1877) p. 409 et seq.

2 Quain's Anatomy, Sth ed. ii. 555.



Chap, vi.] THE BRAIN. 511

the great majority of cases, the anaesthesia (or loss of sensation) and
akinesia (or loss of movement) are absolutely confined to the opposite

side of the body ; and the cases in which a lesion of the basal ganglia

of one side of the brain affects the same side of the body or both

sides, must be regarded as exceptional, and explicable as the results

of the action of one side of the brain on the other side of the brain

or at least of some part of the nervous system. The results of ex-

periments on animals agree entirely with the general experience

of pathologists, that lesions of the corpora striata and optic thalami

produce their effect on the opposite side of the body. Whatever be

the view taken concerning the decussation of sensory and motor
impulses in the spinal cord, it must be admitted that both kinds of

impulses cross over completely somewhere during their transmission

to and from the basal ganglia and the peripheral organs.

When however we have admitted that these bodies act, as it

were, the part of middlemen between the cerebral convolutions and
the rest of the brain, we have gone almost as far as facts will support

us. We are not at present in a position to state dogmatically what
is the nature of the mediation which either body respectively effects.

A very tempting hypothesis is one which suggests that the corpora

striata are concerned in the downward transmission and elaboration

of efferent volitional impulses, and the optic thalami in a similar

upward transmission and elaboration of afferent sensory impulses

;

and there are many facts which may be urged in favour of this view,

which was first developed and expounded by Carpenter and Todd.

So much acceptance indeed has it found, that many pathologists

regard it as established, and speak confidently of the corpora striata

as motor and the optic thalami as sensory ganglia. A careful review

however of all the facts leads to the conclusion that this division

of functions has not yet been clearly proved.

The pathological evidence in this case, were it sharply defined and
accordant, would be of unusual value; but it is neither the one nor the

other. A number of cases indeed may be cited to shew not only that

lesions of a corpus striatum may be accompanied by akinesia without

anaesthesia, but that lesions of an optic thalamus may cause anaesthesia

without actual akinesia, that is without any further interference with,

the execution, of voluntary movements than is occasioned by the loss of

the coordinating sensations. Of these two classes of cases, the latter is

the more valuable, since all clinical experience shews that any lesion more
readily interferes with volitional movements than with the reception of

sensory impressions. Convulsions are not common when the lesions are

confined to these bodies; but when witnessed they can generally be

referred to the corpora striata rather than to the optic thalami; like the

paralysis, the convulsions are generally limited to the opposite side of the

body, though feeble movements may occasionally be seen on the same

side as well. On the other hand, numerous cases have been recorded

where an injury apparently confined to one corpus striatum has had as

part of its results anaesthesia of the opposite side of the body; and others
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where disease apparently confined to an optic thalamus has caused loss of

movement as well as of sensation.

Experiments on animals, though very valuable as regards the investi-

gation of movements, are imperfect means of studying the phenomena of

conscious sensations. We have already seen that crude unelaborated

sensations may originate in an animal deprived of its cerebral hemi-

sj)heres; and it becomes a matter of great difficulty to disentangle the

evidences of these primitive sensations from those of the higher psychical

perceptions. Moreover we do not, at present, at all know to what an
extent the lai'ger development of the cerebral hemispheres in man has

inJ&uenced the ordinary functions of the other parts of the brain. It

may be that important functions which in the rabbit belong to the middle

and hind brain have, in man, almost disappeared in order to make these

structures more useful servants of the cerebi'al hemispheres. It may be,

however, that the greater activity of the convolutions has simply in-

creased the ordinary labours of the middle and hind brain. We cannot

at present say which effect has resulted ; but meanwhile great caution,

ought to be exercised in drawing inferences from experiments on a rabbit,

or on a dog, as to what are the functions of the corresponding parts of

the human brain.

Ferrier ^ observed that when the corpora striata were stimulated

with an interrupted current, convulsive movements of the opposite

side of the body took place ; the animal, when the stimulus was power-

ful, being thrown into complete pleurosthotonus, the side of the body
opposite to the side of the brain stimulated being forcibly drawn into an
arch. The localized movements observed by Burdon Sanderson (p. 505)
were lost in the general convulsions caused by the galvanic current af-

fecting a large portion of the organ. When, on the other hand, the optic

thalami were similarly stimulated, no such convulsions were observed.

On this point Carville and Duret's^ observations are in accordance

with those of Ferrier ; and the results, as far as they go, appear at fii'st

sight to be in accordance with the theory of the exclusively motor functions

of the corpora striata, and the exclusively sensory functions of the optic

thalami. But it would obviously be rash to draw any such conclusion

directly from them, suice, if the optic thalamus is concerned in the transmis-

sion and elaboration of sensory imj)ulses, the application of the galvanic

current to it ought, by discharging a number of sensory impulses, to give

rise to movements of some kind or other, and not to be characterized

by the absence of all effects. Moreover any such inference is opposed

by the results of ISTothnagel's ^ experiments. This observer destroyed

by injection of chromic acid both nuclei lenticulares (the extra-ventri-

cular portions of the corj)ora striata) of the rabbit, with the result

of bringing the animal almost exactly into the same condition as if

both its cerebral hemispheres had been removed. When, on the

other hand, by the help of a special instrument, he succeeded in de-

stroying both optic thalami without any other injury to the brain,

no obvious efiects followed ; there were no signs of either loss of

volition or of sensation, nothing in fact could be noticed excejjt a

rather peculiar disposition of the limbs. When the nuclei lenticvdares

^ Op. cit. ^ Op. cit.

8 Op. cit. Ibid. Bd. 58 (1873), p. 420; Bd. 60 (1874), p. 129; Bd. 62 (1875), p. 201.
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were destroyed there was no apparent loss of sensation, that is to say
the animal readily moved when stimulated by pinching the skin, &c.;

but it was impossible to tell whether sensory impulses reached the

cerebral, convolutions, since no manifestations whatever of the condition

of the convolutions were possible. The animal might have felt acutely,

and yet have been unable, from the loss of the appropriate motor
tracts, to express itself; or it might have been as incapable of the higher
psychical feeling as it was of executing spontaneous movements. The
phenomena resulting from destruction of the nuclei lenticulares admit
of no clear proof in either direction. The fact, however, that voluntary
movements continued as usual after complete destruction of the optic

thalami, goes far to prove, that in the rabbit at least, these bodies are not
the only means by which sensory impulses pass to the cerebral convolu-

tions. Even admitting (as indeed in the case of man we must do,

seeing that the general anaesthesia following upon lesions of the corpora
striata, or optic thalami, is not necessarily accompanied by blindness or

loss of any other special sense) that the specific impulses of vision and
the other senses still reached the rabbit's convolutions

;
yet the initiation,

and hence the general character of the animal's movements, must have been
influenced by the total absence of all psychical tactile sensations, though,
in consequence of the coordinating mechanisms of the hinder brain being
still intact, their coordination might still have been carried out. Apparently
however this was not the case : the movements did not in any way betray
the loss of any factors.

Lussana and Lemoigne \ who regard the optic thalami as motor centres

for the lateral movements of the anterior limbs (a lesion of one optic

thalamus paralysing the adduction of the forelimb of the corresponding
and the abduction of that of the opposite side), saw no evidence of any
loss of general sensibility or signs of pain to result from injuries to these

bodies, and no movements to residt from stimulation of other than their

deep parts. After a lesion however of the optic thalamus of one side they
invariably found blindness in the opposite eye.

Carviile and Duret^ found that in the dog section of the intei'nal

capsule, or expansion of fibres passing between the nucleus lenti-

cularis and optic thalamus, in the anterior part of its course where,
it passes between the nucleus lenticularis and the nucleus caudatus, led

to hemiplegic loss of voluntary movement on the opposite side, though
stimulation of the paralysed limb still gave rise to reflex movements.
When the section was carried througli the posterior part of the expansion,
between the nucleus lenticularis and optic thalamus, the loss of voluntary
movement on the opposite side of the body was accompanied by loss of

sensation, i.e. when the paralysed limbs were pinched, no responsive
reflex movements followed. It is hazardous, however, to draw from these

ex2)eriments any positive conclusions.

Nothnagel^ observed that in the rabbit voluntary movements still

persisted after destruction of both nuclei caudati ; in this respect

these portions of the corpora striata presented a marked contrast to the
nuclei lenticu.lares. Nevertheless destruction of one nucleus caudatus

^ Fisiologia del centii nervosi encefalici, 1871, and. Archives de Physiologie, rv. (1877)

p. 119 et seq,
^ Op. cit.

,

3 Op. cit.

F. P. 33
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frequently induced a certain amount of paralysis of the opposite side of

the body, which disappeared after removal of the nucleus caudatus of the

other side ; and as we have ah'eady stated, destruction or injury to a

particular part of the nucleus caudatus, viz. the so-called nodus cursorius,

o-ave rise to remarkable forced movements, which made their appearance

even after the previous removal of the nuclei lenticulares. The injection

of chromic acid into other parts of the nucleus caudatus also frequently

caused for a while forced movements, either straight foi'w^ard, or of the

cii'cus kind, which differed from those witnessed by older observers in

operations on the corpora striata after removal of the hemispheres, inas-

much as they were executed by an animal still possessing intelligence, and

frequently striving to avoid obstacles.

It is impossible at present to give a satisfactory explanation of all

these varied and frequently inconstant phenomena, but it may be worth

while to return again to the possibility of considering some at least of

the phenomena as inhibitory effects. The fact that the paralysis, curva-

ture of the body, and the circus movements resulting from lesion to_

one nucleus caiidatiis or nucleus lenticularis, disappear when the same

body on the other side is removed, warns us against too hastily assuming

that a loss or diminution of voluntary power means nothing more than

a break in the transmission of volitional impulses; it may mean that, but

it may mean also the development of nervous actions having inhibitory

effects. In the experiment of Carville and Duret quoted above, pinching

the left hind limb after section of the right internal capsule prodviced no

reflex action whatever. Now it is absurd to svippose that in this case

the reflex centre was removed, or any part of a veritable reflex chain

broken, because, as we know, pinching the hind limb will produce a reflex

movement, provided only a portion of the lumbar cord be left intact and

functional. There must in this case have been inhibition of the lumbar

reflex centres; and if of these, why not of many other reflex and other

centres as well? Especially in pathological cases does it become a matter

of serious importance to inquire how far the varied phenomena of akinesia

and ansesthetic paralysis are due to the positive influences of inhibitory

agencies, and not the merely negative results of a break in the nervous

chain.

Corpora Quadrigemina.

We have already seen that the centre of coordination for the

movements of the eyeballs (p. 443) and that for the contraction of the

pupil (p. 406), lie in the nates or anterior tubercles of the corpora

quadrigemina. These two centres are associated together in such

a way that when the eyeballs are directed inwards and downwards,

as for near vision, the pupils are at the same time contracted, and

•when the eyeballs are directed upwards, and return to parallelism,

the pupils are dilated to a corresponding extent. When the eye-

balls are moved sideways the pupils remain unchanged \ This is

the case when the movements of the eyeballs are brought about by
direct stimulation of various parts of the nates ; hence the associa-

1 Adamuk, Cit. med. Wiss. 1870, p. 65.
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tion of the movements of the pupil and the ocular muscles is de-

termined by the structural relations of their respective centres, and
is not simply psychical in its nature.

KnolP, in opposition to Flourens, Budge and others, maintains that

removal of the corpora quadrigemina in rabbits does not do away with the

reflex contraction of the pupil, u.nless the optic tract be injured at the same
time; and from that infers that the centre of the pupillary contraction is

not situate in the nates. He does not however state where the centre

is placed, and his results are in contradiction with the later ones of

Adamuk. Adamuk affirms that, while stimulation of the anterior tuber-

cles simply causes movements in the eyeballs with associated pupillary

changes^ stimulation of the posterior tubercles or testes, especially in the

middle, causes dilation of the pupil with a peculiar starting of the eyes,

vhich however maintain their parallelism. Knoll had observed the same
dilation, and found that it ceased to appear after section of the sym-
pathetic in the neck; according to him, however, the effect is produced by
stimulating the nates, and is most marked on the same side.

Flourens observed that unilateral extirpation of the corpora quad-
rigemina in mammals or of the optic lobes in birds produced blind-

ness in the opposite eye ; and the same result has been gained by all

subsequent observers ^ We have seen moreover that both frogs,

birds, and mammals continue to receive and react upon visual

impressions after the total removal of the cerebral hemispheres.
From these facts we infer that visual sensory impulses become
transformed into visual sensations in the corpora quadrigemina

;

or, in other words, that these nervous structures are centres of siofht.

But they are so in a limited sense only. We have seen that

destruction or injury of the cerebral hemispheres profoundly affects

vision. In the absence of the cerebral convolutions, a crude vision,

devoid of distinct visual perceptions, is probably all that is possible.

Vision in fact, beginning in the retina, is partially elaborated in the
corpora quadrigemina and possibly in the optic thalami^, but does

not become completely developed until the cerebral convolutions

have been called into operation.

Since unilateral destruction of the corpora quadrigemina entails blindness

of the opposite eye, and apparently does not affect at all the visual sensory

impulses originating in the eye of the same side, it is obvious that a com-
plete decussation of the sensory impulses must take place before the centre

is reached. In man, the generally accepted opinion teaches that the decussa-

tion of the optic fibres in the chiasma though large is not complete, and hence

that some crossing must take place in the brain. Biesiadecki*, however,

states that in the rabbit the decussation in the chiasma is complete, and
Mandelstamm* affirms the same for man. Attempts have been made to

1 Ecthard's Beitrage, iv. (1869) p. 109.
2 McKendrick, Tram. Eoy. Soc. Ed., 1873.
5 Lussana and Lemoigne, op. cit.

* Moleschott's XJntcrsuch. Tin. (1862) 156,
6 at. med, Wiss. 1873, p. 339.

33—2
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explain tlie curious phenomena of hemiopia, in whicli portions of the

retinpe of the two eyes are insensible to light, by reference to morbid

changes affecting particular parts of the chiasma, according to the variety

of the hemiopia; but it is possible, if not probable, that the cause is some-

times situate in the brain itself.

Floiirens and subsequent observers noticed that injury or

removal of the corpora quadrigemina on one side frequently caused

forced movements, and that removal of the whole mass led to great

want of coordination. These results are quite in harmony with the

fact mentioned above concerning the coordinating functions of the

optic lobes in frogs. But at present we have no exact knowledge
concerning the nature of the coordination, and what relations are

borne in this respect by the corpora quadrigemina to the cerebellum,

crura cerebri, and pons Varolii.

Flourens in many cases entirely removed the corpora bigemina from

birds without any incoordination or disturbance of movements resulting,

though they were seen by McKendrick in pigeons and by Ferrier in

rabbits and monkeys. It has been urged however by many (Schiff)

that when such phenomena do occur after removal of the corpora quadri-

gemina, they are the result of coincident injury to the underlying crura

cerebri. Adamuk' observed in rabbits that galvanic stimulation of the

posterior tubercles, in contrast to the anterior tubercles, produced move-

ments of the animal, though Knoll observed no such effect. Ferrier^ saw
various movements follow upon stimulation of the surface of the corpora

quadrigemina with the interrupted current. Flourens found that while

mechanical stimulation of the surface of these bodies produced no effect,

deep puncture caused various movements, which he attributed to stimula-

tion of the crura cerebri beneath. This suggests that the movements
caused by galvanic stimulation are due to escape of current, and we here

meet with the same difficulty that was experienced in dealing with the

cerebral convolutions. Ferrier states that with even a moderately strong

current the movements may be so violent as to merge into a general opis-

thotonus. He also observed that stimulation of the posterior tubercles

was followed by marked and distinct cries, affoi-ding a curious parallel to

the croaking produced by reflex stimulation in frogs, the seat of which is in

the optic lobes. Lussana and Lemoigne^ also observed a cry invariably

to follow upon section of the corpora quadrigemina and superior peduncles

of the cerebellum (processus cerebelli ad testes), though no loss of sensibility

could be detected as residting from the operation. These observers assert

that section of the superior peduncles paralyses the muscles of the trunk of

the opposite side and thus leads to the vertebral column being arched

towards the same side, and to 'circus' movements. According to Valentin,

Budge, and others, stimulation of the corpora quadrigemina, or of the

optic lobes, produces movements in the CESophagus, stomach, and other

parts of the alimentary canal, and in the lu-inary bladder. In such cases

the stimulation must have an indirect effect on the centres of the above

movements, which, as we have seen, are situate in the medulla and lumbar

1 Op. cit, 8 0]). cit. 3 Op. cit.
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cord respectively. Danilewsky, jimr.^ and Ferrier have observed changes

in the blood-pressure and respiration follow upon stimulation of the corpora

quadrigemina, as of other parts of the brain.

Cerebellum.

We have already referred to the cerebellum as being probably

concerned in the coordination of movements. Flourens observed

that when a small portion of the cerebellum was removed from
a pigeon, the animal's gait became unsteady, when larger portions

were taken away its movements became much more disorderly, and
when the whole of the organ was removed an almost total loss of

coordination supervened. Other observers have obtained similar

results in other animals ; and it has in general been found that

lateral or unsymmetrical lesions and incisions produce a greater

effect than those which are median or symmetrical. Section of the

middle peduncle on one side almost invariably gives rise to a forced

movement, the animal rapidly rolling round its own longitudinal

axis ; the rotation is generally though not always towards the side

operated on; and is accompanied by nystagmus, i.e. by peculiar

rolling movements of the eyes suggestive of vertigo ; frequently one
eye is moved in one direction, e.g. inwards and downwards, and the

other in a different or opposite direction, e.g. outwards and upwards.

The clinical evidence is discordant, for though unsteadiness of gait

has been frequently witnessed in cases of cerebellar disease, many
histories have been recorded in which extensive disease, amounting
at times to almost complete destruction, of the cerebellum has

existed without any obvious disturbance of the coordination of move-
ments. Still the experimental evidence is so strong, that we must
consider the cerebellum as an important organ of coordination, though
we are unable at present to define its functions more exactly. It is

probable, but not proved, that its functions are especially connected

with the afferent impulses proceeding from the semicircular canals.

Observers are not agreed as to how far the loss of coordination which
follows upon lesion or removal of part of the cerebellum is temporary or

permanent. Flourens found that, when the portion removed was small,

the disorderly movements which at first appeared eventually vanished, but

when a large portion was removed the loss of coordination became per-

manent. These results are capable of interpretation on the view that the

coordinating mechanism is situated in the deeper structures, and hence,

while completely removed by the deeper incisions, are only temporarily

paralysed by the shock of the slighter operations. Hitzig and Ferrier find

that injury to or removal of the lateral lobe produces the same forced

movements as section of the middle peduncle, Flourens and others have

observed that, while lateral injury gave rise to lateral movements, injury to

the anterior or posterior median portions caused the animal to fall forwards

and backwards respectively. NothnageP has been led fiom his experiments

1 Pfliiger's ArcUv, xi, (1875) 128.
2 Virchow's Archiv, Bd. 68, (1876) p. 33. .
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on rabbits to fhe conclusion that tlie lesions wticli determine a loss of

coordination are those whicli result in a solution of continuity between tbe

two sides of the organ, the loss of even an entire half having, according to

him, no such effect, Terrier finds that stimiilation of the cerebellar

surface by the interrupted current causes in monkeys, dogs, and cats,

movements of both eyes with associated movements of the head and limbs,

and to a certain extent of the pupils. The eyes moved horizontally or

vertically or obliquely, symmetrically or unsymmetrically, with or without
rotation, according as the electrodes were applied to one or other portion

of the surface. In fact the results were to a certain extent similar to

those obtained by Adamuk on stimulating the corpora quadrigemina, but
they cannot be wholly explained as simply due to escape of current, if, as

Hitzig^ asserts, very similar phenomena may be witnessed, not only with
weaker curr-ents, but even on mechanical stimulation.

NothnageP also finds that mechanical stimulation of even the surface of

the cerebellum gives rise, without signs of pain being felt, to movements
chiefly of the trunk and extremities and of those muscles which are governed
by the facial, hypoglossal, and fifth nerves. These movements, which are de-

veloped somewhat slowly, manifest themselves first on the side operated on,

and then ceasing on that side make their appearance on the opposite side.

Purkinje observed long ago, that when a constant current of sufficient

strength was sent through the head from ear to ear, a feeling of giddi-

ness was experienced; external objects appearing to rotate in the direc-

tion of the current, from right to left for instance when the anode was
placed at the right ear, while at the same time the subject himself leant

from the left towards the right. Hitzig'^ has more fully investigated and
described the phenomena. When the current is sufficiently strong, remark-
able movements of the eyes are seen to take place on the current being

made ; these are varied, and partake somewhat of the nature of nystagmus.
They consist of a rapid snatching movement in the direction of the current,

and a slower return in the contrary direction, the eyes oscillating between
the two. Sometimes the two eyes move together, sometimes they are

dissociated. That neither the feeline: of vertiero nor the movements of the
body are dependent on abnormal visual sensations caused by the ocular

movements, is shewn by the fact that they occur when the eyes are shut,

and also in blind people ; and indeed the feeling of vertigo may be induced
by a current too feeble to cause any abnormal movements of the eyeballs.

The application of the current when the eyes are shut gives rise to a
sensation similar to that of sitting or standing in a carriage which is

being turned over in the direction of the current, from right to left

when the anode is placed at the right ear. "When the current is broken,
there is rebound of the phenomena in an opposite direction. The person
now leans towards the kathode, and external objects seem to revolve from
the kathode to the anode. All these phenomena are best explained by
supposing that the current interferes with the cerebral coordinating mechan-
ism, from which result, as eflferent effects, the compensating movements
of the body and of the eyes, the change in the mechanism at the same
time so affecting consciousness as to produce a feeling of vertigo. Whether
they are due to an anelectrotonic and katelectrotonic condition of the

ampullar fibres of the respective auditory nerves, or are caused by the

1 Op. cit. * Op. cit. 3 Qp^ cit.
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action of the current on cerebellar or other strnctures, must be left for

the present imdecided.

Attempts have been made to connect the cerebellum with the

sexual functions ; but there is no satisfactory evidence of any such
relation. As we shall see later on, the nervous centres connected
with the sexual and generative organs are seated, in the case of dogs
at least and probably of all animals, in the lumbar spinal cord ; and
all or nearly all sexual phenomena may be witnessed in animals, the

lumbar spinal cords of which have been isolated by section from the

rest of the cerebro-spinal system. Galvanic stimulation of the cere-

bellum produces no change in the generative organs, and when
erection of the penis is caused by emotions, the tract connecting

the cerebral convolutions with the erection-centre in the spinal cord

passes straight along the crura cerebri and medulla, for Eckhard^
has observed that stimulation of these parts in the dog will produce
erection.

Eckhard has brought forward facts to shew that lesions of certain parts

of the cerebellum, like those of certain parts of the medulla oblongata,

cause either diabetes or simple hydruria.

According to Budge, stimulation of the cerebellum produces peristaltic

movements in the cesophagus and stomach ; and SchifF observed inflamma-
tion of the intestme with hsemorrhage after lesions of the peduncles of the
cerebellum.

Crura Cerebri and Pons Varolii.

Though from the grey matter abundant in both these organs we
may infer that they possess important functions, we hardly know
more concerning them than that the former serve as the great means
of communication between the spinal cord and the higher parts of

the brain, and that both are intimately connected with the coordi-

nation of movements, since either forced or disorderly movements
are the frequent results of section of either of them ; and as we have
seen, the possession of these parts, in the absence of the cerebral

hemispheres, and even of the corpora striata and optic thalami, is

sufficient to carry out the most complex bodily movements.
Since the paralysis of the face seen in cases of hemiplegia from

disease of the corpus striatum is on the same side as that of the body,

it follows that the impulses proceeding along the cranial nerves cross

over like those of the spinal nerves. Hence when paralysis of the face

occurs on the opposite side to that of the body, it may be inferred

that the injury or disease has affected the cranial nerve (or nerves)

in a part of its course before decussation has taken place ; and patho-

logical observations support this view, unilateral disease or injury of

the pons Varolii not unfrequently involving the facial nerve of the

same side in its comparatively superficial course, and so causing

1 Beitrage, vii, (1873) 67.
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paralysis of the muscles of the same side of the face as the disease,

and the opposite side to the paralysis of the limbs. It is probable

that the decussation which we have seen to begin in the spinal cord,

is gradually completed as the impulses pass through the medulla

and pons Varolii. Against the view of those who maintain that

volitional impulses cross suddenly and completely at the decussation

of the pyramids, may be urged the fact that a longitudinal section

through the decussation does not entail loss of voluntary movements
on both sides of the body, as it ought to do if the volitional impulses

crossed completely at this spot. Moreover, according to Vulpian, the

loss of voluntary movement which follows upon a unilateral section

of the medulla is not confined entirely to one side of the body.

Medulla Oblongata.

We have so often spoken of this link between the brain and the

spinal cord, that it is hardly necessary here to do more than recall the

fact, that the majority of the 'centres' for various organic functions

are situated in it.

These we may briefly recapitulate as follows : 1. The respiratory

centre (p. 289), with its neighbouring convulsive centre (p. 302). It

may here be remarked that just as venous blood readily excites

the convulsive centre, but will not otherwise produce convulsions,

so certain poisons may produce tetanus by acting on the convul-

sive centre alone. Such a poison is picrotoxine ; in the absence

of the medulla it causes no tetanic spasms, in this respect differing

markedly from strychnia. 2. The vaso-motor centre (p. 158). 3. The
cardio-inhibitory centre (p. 147). 4. The diabetic centre, or centre for

the production of artificial diabetes (p. 337). 5. The centre for deglu-

tition (p. 227). 6. The centre for the movements of the oesophagus

and stomach (p. 231), with its allied vomiting centre (p. 237). 7. The
centre for reflex excitation of the secretion of the saliva (p. 20G),

with which may be associated the centre through which the vagus
influences the secretion of pancreatic juice (p. 216), and possibly of the

other digestive juices. 8. The centre for the dilation of the pupil

by means of the cervical sympathetic.

In the frog, as we have urged, p. 490, the medulla is undoubt-

edly largely concerned in the coordination of movements, and it is

exceedingly probable that in the mammal a considerable portion of

work of this kind falls to its lot.

In conclusion, we may call attention to the fact, that of the

whole brain certain parts respond easily, by various movements in

different parts of the body, to mechanical or other stimuli applied

directly to them, while others will not. The former are consequently

spoken of as sensitive, and together form what has been called an
excito-motor centre ; they are the (deep parts of) the corpora quad-
rigemina, the crura cerebri, the pons Varolii, the (deep parts of) the

cerebellum, and the medulla. The latter are spoken of as insensitive

;
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they are the cerebral hemispheres including the corpora striata and
optic thalami (and the superficial portions of the cerebellum (?) and
corpora quadrigemina). In view of the results obtained by electrical

stimulation of the cerebral convolutions and other parts, this distinc-

tion cannot however be regarded as important.

Sec. 5. Oif the Rapidity of Cerebeal Operations.

"We have already seen (p, 478) that a considerable time is taken up
in a purely reflex act, such as that of winking, though this is perhaps the

most rapid form of reflex movement. When the movement which is

executed in response to a stimulus involves mental operations a still

longer time is needed ; and the interval between the application of the

stimulus and the commencement of the muscular contraction varies ac-

cording to the nature of the mental labour involved.

The simplest case is that in which a person makes a signal immediately

that he perceives a stimulus, ex. gr. closes or opeas a galvanic circuit the

moment that he feels an induction shock applied to the skin, or sees a

flash of light, or hears a sound. By arrangements similar to those em-
ployed in measuring the velocity of nervous impulses, the moment of the

application of the stimulus and the moment of the making of the signal

ai'e both recorded on the same travelling surface, and the interval between

them is carefully measured. This interval, which has been called by Exner
'the reaction period,' consists of three portions; (1) the passage of afierent

impulses from the peripheral sensory organ to the central nervous system,

including the generation of the impulses in the sensory organ, (2) the

transformation by psychical operations of the afierent into efferent im-

pulses, and (3) the passage of the efferent impulses to the muscles, including

the latent period of the muscular contractions. If the time required for

the first and thii-d of these events be deducted from the whole, the
' reduced reaction period ' as it may be called, gives the time taken up
exclusively by the operations going on in the central nervous system.

The reaction period, both reduced and unreduced, varies according to

the nature and disposition of the peripheral organs stimulated. The reaction

period of vision has long been known to astronomers. It was early found
that when two observers were watching the appearance of the same star,

a considerable discrepancy existed between then- respective reaction periods;

and the difierence, which varied from time to time according to the

personal conditions of the observers, was called 'the personal equation.'

Thus the personal equation between the celebrated astronomers Struve

and Bessel varied between the years 1814 and 1834 from -04 to 1'02 sec,

the reaction period of Struve being so much longer than that of Bessel.

These figures, however, are not to be compared with those which wdll be

given immediately, inasmuch as several complications were introduced

by the method of observation.

Exner' has carefully determined the reaction period of himself and
others with different stimuli, and under various circumstances. When the

stimulus was an induction shock thrown into the skin of the left hand, the

1 Pfluger's ArcUv, vii. (1873) p. 601.
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signal being made with the right hand, the reaction period varied from "ISS?

sec. in Exner himself to •3576, or even to '9952, in an obtuse individual.

When the stimulus was applied in different ways, the signal always being

made with the I'ight hand, the results in Exner's own case were as follows :

Direct electrical stimulation of the retina 'IISO

Electric shock on the left hand '1283

Sudden noise •! 360

Electric shock on the forehead •! 374

,, ,, on the right hand •1390

Visual impression from an electi'ic spark '1506

Electric shock on the toe of the left foot "1749

Hence tactile sensations produced by the stimulus of an electrical shock
applied to the skin are followed by a shorter reaction period than the

auditory sensations j but the period of these is in turn shorter than that

of visual sensations produced by luminous objects, though the shortest

period is that of visual sensations produced by direct electrical stimulation

of the retina. Hirsch had previously arrived at similar results, and
Bonders ' had similarly determined the reaction peiiod or physiological time,

as he termed it, to be, roughly speaking, for feeling ^th, for hearing ^th, and
for sight -Jth of a second. Von Wittich^ found the reaction period to be
"167 sec, when the application of a constant current to the tongue pro-

duced a gustatory sensation. Vintschgau and Honigschmied^ determined
the reaction period of taste to be for salines •1598 sec, for sugar "1639,

acids "1676, and quinine •2351. Even with the same stimulus, the re-

action period will vary according to the condition of the individual. Exner
found that while strong tea had no obvious effect, two glasses of Khine
wine lengthened the period from "1904 to •2969.

The calculations involved in 'reducing' the reaction period are obviously

open to much error; Exner's own reduced peiiod was '0828, that of the

obtuse individual quoted above ^3050 and ^9426 ; that is to say, an intelli-

gent person takes less than y^. of a second to perceive and to will. If the

whole reaction period of the case when the retina was directly stimulated be

deducted from the period of the case when a luminous object was used to

create visual impressions, the difference ("0367 sec.) would indicate the

latent period of luminous stimulation of the retina; but it is doubtful

whether any gi'eat dependence can be placed on such a calculation.

In all the above instances a single stimulus was used, and all that the

person experimented on had to do was to perceive the stimulus, and to make
an effort in accordance. If, however, the stimulus, instead of being applied

to a part of the body determined by previous arrangement, as for

instance to the left foot, were applied either to the left or the right

foot, without the person being told which it was to be, and it was arranged

that he should make a signal when the left foot, but not when the right

foot was stimulated, additional mental exertions would be necessary

;

and Danders'* found that in such a case the reaction period was con-

siderably prolonged. The following table gives the difference between

a simple reaction period, and one in which a mental decision has to

1 Eeichert and Du Bois-Eeymond's Archw, 1868, p. 657.
2 Zt. Rat. Med. (3) xxxi. p. 113. ^ pflUger's Archiv, x. (1875) p. 1.

< Op. cit.
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be carried out before the voluntary effort to make th.^ signal is initiated,

i. e. gives the time required for the person to ' make up his mind ' in

accordance with the nature of the sensation which he receives; this it

will be seen is, roughly speaking, from i to -j^th of a second.

Dilemma between two spots of the skin, right and left foot stimulated

by an induction shock '066

Dilemma of visual sensations between two colours, suddenly presented

to the view : signal to be made on seeing one but not on seeing

the other -184

Dilemma between two letters : signal to be made on seeing one only *! 66

Dilemma between five letters : signal to be made on seeing one only '170

Dilemma of auditory sensations : two vowels suddenly sung ; signal

to be made on hearing one only '056

Dilemma between five vowels : signal to be made on hearing one only "088

Sec. 6. The Cranial Nerves.

Though we have incidentally dwelt on the functions of all these

nerves, it may be as well to recapitulate them in a tabular form.

1. Olfactory, Nerve of smell.

2. Optic. Nerve of sight.

3. Oculo-motor. Motor nerve to the levator palpebrse superioris

and all the muscles of the eye, except the obliquus superior and the
external rectus. Efferent nerve for the contraction of the pupil and
for the muscles of accommodation. Hence when the nerve is divided
or otherwise paralysed the upper eyelid falls (ptosis) ; the eye, which
is turned outwards, is capable of partial movements only, viz. such
as can be produced by the rectus externus and obliquus superior;

when the head is moved, the eye moves with it, the inferior oblique

not being able to execute the usual compensating movements of the
eyeball ; the pupil is dilated, and the eye cannot accommodate for

near distances.

The root of the nerve shews recurrent sensibility, due to fibres from the

fifth, but is otherwise a purely motor nerved

4. Trochlear or Pathetic. Motor nerve to the obliquus superior.

'When the nerve is paralysed, no marked difference is observed in the

position of the eye, but the patient sees double when he attempts to

look straight forward or towards the paralysed side ; the images how-
ever coalesce when he turns his head to the sound side. When the

head is moved from side to side the eye moves with it, the usual

compensating movement of the eye which accompanies the move-
ments of the head failing in consequence of the superior oblique not
acting.

It is a purely motor nerve, but receives recurrent fibres from the fifth,

1 Schiff, Lehrl. p. 376.
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5. Trigeminus. A mixed efferent and afferent nerve, with distinct

motor and sensory roots, the latter bearing the ganglion of Gasser.

Efferent Fibres. Motor fibres to the muscles of mastication,

temporal, masseter, two pterygoids (mylo-hyoid, anterior belly of di-

gastric) and buccinator, to the tensor palati, and tensor tympani

;

vaso-motor fibres to various parts of the head and face ; secretory

fibres to the lachrymal gland, and according to some authors to the
parotid and submaxillary glands by fibresjoining the facial. Trophic (?)

fibres to eye, nose, and other parts of face, see p. 381. Efferent fibres

for the dilation of the pupil, see p. 408.

Afferent Fibres. General nerve of sensation of the skin of head
and face, and of the mucous membrane of the mouth, except the
back part of the tongue, the posterior pillars of the fauces, and a
large part of the pharynx, these parts being supplied by the glosso-

pharyngeal and vagus ; the back of the head is chiefly supplied by
branches from the cranial nerves, and the external meatus and concha
are supplied chiefly by the auricular branch of the vagus. Nerve of

special sense of taste for the front part of the tongue, see p. 4(51.

6. Ahducens. Motor nerve to the rectus externus. When the
nerve is divided or otherwise paralysed, the eye is turned inwards.

The abducens is joined by fibres coming from the cervical sympathetic

;

when this nerve is divided in the neck, the action of the muscle is

weakened.

It probably also receives recurrent sensory fibres from the fifth.

7. Facial. Motor nerve to the mucles of the face ; hence nerve

of expression. Supplies also stylohyoid, digastric, buccinator, stape-

dius, muscles of the external ear, platysma, some muscles of the palate,

viz. the levator palati and probably others. Secretory nerve of sub-

maxillary and parotid gland. Receives afferent possibly efferent

fibres from trigeminus and also from vagus. According to Vulpian
contains vaso-motor fibres for the tongue and side of the face. The
effects of paralysis of the facial, from the inability of the orbicularis

to close the eye, the drawing of the face to the sound side, and
the smoothness of the paralysed side, are very striking.

8. Auditory Nerve. Special nerve of hearing ; afferent nerve
for impulses other than auditory proceeding from the semicircular

canals.

9. Glosso-pharyngeal. Motor nerve for levator palati, azygos

nvulse, stylo-pharyngeus, constrictor faucium medius. Special nerve

of taste for the back of the tongue. General nerve of sensation for

the root of the tongue, the soft palate, the pharynx (being here asso-

ciated with the vagus), the Eustachian tube and the tympanum.

10. Pneumogastric. Vagus.

Efferent Fibres. Motor nerve for the muscles of the soft palate

and pharynx, for the movements of the oesophagus (see p. 230), of
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the stomach (see 'p. 232), of the intestines (see p. 229), for the muscles
of the larynx, possibly for the plain muscular fibres of the trachea
and bronchial divisions. Inhibitory nerve of the heart.

Afferent Fibres. Sensory nerve of the respiratory passages, and
of the pharynx, oesophagus and stomach. Afferent nerve, augmenting
and inhibiting, of the respiratory centre (see p. 290), afferent inhibitory

nerve (depressor branch) of the medullary vaso-motor centre (see p.

161), afferent nerve producing salivary secretion (see p. 209), inhi-

biting pancreatic secretion (see p. 216).

Section of the vagi in the neck causes death by pneumonia ; this has
been regarded by some as an indication of ' trophic ' action.

11. Spinal accessory. Motor nerve to the sterno-mastoid and
trapezius muscles. It receives recurrent sensory fibres from the
cervical nerves. Part of the spinal accessory blends with the pneu-
mogastric, and the efferent effects (such as the movements of the
larynx, pharynx, &c., and cardiac inhibition) of the united trunk
seem to be largely due to the spinal accessory fibres contained in

them. It is stated however that division of the spinal accessory

before it joins the pneumogastric, does not entirely do away with
either swallowing or the movements of the larynx. In the move-
ments of the CBSophagus and stomach, brought about by the vagus
acting as an efferent nerve, the accessory fibres seem to have no share.

The cardiac inhibitory fibres seem to be distinctly of accessory origin.

12. Hypoglossal. Motor nerve for the muscles of the tongue,
and for all the muscles connected with the hyoid bone except the
digastric, stylo-hyoid, mylo-hyoid, and middle constrictor of the
pharynx ; it also supplies the sterno-thyroid. It receives sensory
fibres from the fifth and vagus, and is also connected with the three
upper cervical nerves as well as with the sympathetic.

To Charles Bell is due the merit of having made the fundamental
discovery of the distinction between motor and sensory fibres. Led to
this view by reflecting on the distribution of the nei-ves, he experimentally
verified his conclusions by observing that while mechanical irritation of
a posterior root gave rise to no movements in the muscles to which the
nerve was distributed, these were very evident when the anterior root was
pricked or pinched. He printed his views for private circulation in 1811,
under the title of " Idea of a New Anatomy of the Brain," and communi-
cated to the Royal Society in July, 1821, a paper "On the Arrangement
of the Nerves." In 1822 Majendie' shewed that section of the posterior

root caused loss of sensation and section of the anterior root loss of motion :

an observation no less epoch-making than that of Bell. Majendie was how-
ever led by the phenomena, which we can now explain as due to recurrent
sensibility or reflex action, to believe that the distinction between the two
roots was partial only; and it was not till Johannes Midler'^ some years
afterwards conducted experiments on frogs and made use of galvanic stimu-

^ Journal de Pliy.tiol. ii. p. 276.
2 Physiology, Engl, ed. i. 691.
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lation, that the doctrine of motor and sensory nerves became thoroughly

established. The next great step was the establishment of the theory of

Eeflex Action. Although this important function of nervous centres was

recoo-nised dimly by older observers such as Whytt \ more closely defined by

Prochaska", and clearly grasped by Johannes Miiller in 1833, it was in-

dependently discovered in 1832 by Marshall HalP; and it was owing to

the enthusiastic labours of the latter observer that the new doctrine was

rapidly accepted and developed. Among the more important labours since

that time may be mentioned the remarkable book of Flourens*, the work of

Longet^, and the researches of Schiff'', Brovm-Sequard^, and others. The

work of Goltz" on the frog, though small, contains many valuable facts and

suggestions ; and an admirable summary of the whole physiology of the

nervous system is given by Yulpian^, to whom also we are indebted for

many valuable observations. The chief of the more recent inquiries have

been mentioned in the text.

1 On the Vital and other Involuntary Movements of Animals, 1751.
" Lehrsritze aus der Physiol. 1797.
3 More fully in Phil, trans. 1833.
* Rech. Exp. sur les Proprietes et les Fonctions dii Systeme Nerveux, 1st ed, in 1824,

2nd much enlarged and containing many new facts, in 1842.
5 Anat. et Phys. du Systeme Nerveux, 1841.
6 Lehrb. d. Physiol. 1858.
7 jtech. et Exp. siir la Phys. de la moelle epin. 1846, and numerous subsequent

papers.
8 Bcitrage z. Lehre v. d. Functionen der Nervencentren des Frosches. 1869.
9 Lcrons sur la Phys. generale et comparee du Systeme Nerveux, 1866.



CHAPTER YII.

SPECIAL MUSCULAR MECHANISMS.

Sec. 1. The Voice.

A BLAST of air, driven by a more or less prolonged expiratory-

movement, throws into vibrations two elastic membranes—the chorda}

vocales. These impart their vibrations to the column of air above

them, and so give rise to the sound which we call the voice. Since the

sound is generated in the vocal cords, we may speak of them and of

those parts of the larynx which decidedly affect their condition as con-

stituting the essential vocal apparatus ; while the chamber above the

vocal cords, comprising the ventricles of the larynx with the false

vocal cords, the pharynx and the cavity of the mouth, the latter vary-

ing much in form, constitute a subsidiary apparatus of the nature of a

resonance-tube, modifying the sound originating in the vocal cords.

In the voice, as in other sounds, we distinguish : (1) Loudness. This

depends on the strength of the expiratory blast. (2) Pitch. This

depends on the length and tension of the vocal cords. Their length

may be regarded as constant, or varying only with age. It con-

sequently determines the range only of the voice, and not the par-

ticular note given out at any one time. The shrill voice of the child

is determined by the shortness of the cords in infancy, and the voices

of a soprano, tenor and baritone are all dependent on the respective

lengths of their vocal cords. Their tension is on the contrary vari-

able ; and the chief problems connected with the voice refer to

variations in the tension of the vocal cords. (3) Quality. This

depends on the number and character of the overtones accompany-
ing any fundamental note sounded, and is determined by a variety of

circumstances, chief among which is the physical quality of the cords.

The vocal cords, attached in front to the thyroid cartilage, end
behind in the processus vocales of the arytenoid cartilages. Hence a

distinction has been drawn between the rima vocalis, i. e. the opening

bounded latterly by the vocal cords, and the rima respiratoria, or

space between the arytenoid cartilages behind the processus vocales

;

these names however are not free from objections. In quiet breathing

(fig. 64 B) the two form together a V-shaped space, which, as we have

seen (p. 264), in deep inspiration is widened into a rhomboidal open-
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ino' by the divergence of the processus vocales (fig. G4 G). When a

note is about to be uttered, the vocal cords are by the approxima-

tion of the processus vocales brought into a position parallel to each

other, and the Avhole rima is narrowed (fig. 64 A). By their paral-

FiG. 64. The Larynx as seen by means of the Laryngoscope in different condi-

tions OF THE Glottis. (From Quain's Anatomy after Czermak.)

A. while singing a higli note ; B. in quiet breathing ; C. during a deep inspira-

tion. The corresponding diagrammatic figures A', B', C, illustrate the changes

in position of the arytenoid cartilages, and the form of the rima vocahs and
rima respiratoria in the above three conditions.

I the base of the tongue ; e the upper free part of the epiglottis ; e' the tubercle or

cushion of the epiglottis
;
ph. part of the anterior wall of the pharynx behind

the larynx ; w swelling in the aryteno-epiglottidean fold caused by the cartilage

of Wrisberg ; s swelling caused by the cartilage of Santoriui ; a the summit of

the arytenoid cartilage ; cv the true vocal cords ; cvs the false vocal cords
;

tr the trachea with its rings ; b the two bronchi at their commencement.

lelism and by the narrowness of the interval between them the cords

are rendered more susceptible of being thrown into vibration by a

moderate blast of air. The problems we have to consider are, first,

by what means are the cords brought near to each other or drawn

asunder as occasion demands ; and secondly, by what means is the

tension of the cords made to vary. We may speak of these two

actions as narrowing or widening of the glottis, and tightening or

relaxation of the vocal cords.
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Narrowing of the Glottis. The change of form of the glottis is

best understood when it is borne in mind that each arytenoid cartilage

is, when seen in horizontal section (Fig. 64), somewhat of the form
of a triangle, with an internal or median, an external, and a posterior

side, the processus vocalis being placed in the anterior angle at the

junction of the median and external sides. When the cartilages

are so placed that the processus vocales are approximated to each
other, and the internal surfaces of the cartilages nearly parallel, the

glottis is narrowed. When on the contrary the cartilages are wheeled
round on the pivots of their articulations, so that the processus vo-

cales diverge, and the internal surfaces of the cartilages form an angle

with each other, the glottis is widened.

There are several muscles forming together a group, which has
been called by Henle the sphincter of the larynx. These are (1) the
ihyro-ary-epiglotticus, proceeding from the inner surface of the thyroid

cartilage and from the arytenoid epiglottidean ligament, and sweeping
rouad the outer ridge of the arytenoid cartilage of its own side to be
inserted into the processus muscularis of the arytenoid cartilage of

the other side : (2) the iliyro-arytenoideus externus, passing from the
reentrant angle of the thyroid cartilage to be inserted into the outer

edge of the arytenoid cartilage of the same side: (3) the thyro-ary-

tenoideus internus, passing from the angle of the thyroid cartilage to

the processus vocalis and outer side of the arytenoid cartilage: (4)

the arytenoideus (posticus), passing transversely from one arytenoid

cartilage to another. All these muscles, when they act together,

grasp round the glottis and tend to close it up : and each of them,
acting alone, has, with the exception of the last named (arytenoideus),

the same effect. In addition to these, the crico-arytenoideus lateralis,

which passes from the lateral border of the cricoid cartilage upwards
and backwards to the outer angle of the arytenoid, by pulling this

outer angle forwards throws the processus vocalis inwards, and so

also narrows the glottis.

Widening of the Glottis. The crico-arytenoideus posticus, passing

from the posterior surface of the cricoid cartilage to the outer angle
of the arytenoid cartilage behind the attachment of the lateral crico-

arytenoideus, pulls back this outer angle, and so causing the processus

vocalis to move outwards, widens the glottis. The arytenoideus

posticus, acting alone, has a similar effect.

Tightening of the Vocal Cords. The crico-thyroideus pulls the
thyroid downwards and forwards, and so increases the distance be-
tween that cartilage and the arytenoids when the latter are fixed.

Supposing then the arytenoideus and crico-arytenoideus posticus to

fix the arytenoids, the effect of the contraction of the crico-thyroideus

would be to tighten the vocal cords.

Slackening of the Vocal Cords. This is effected by the whole
sphincter group just mentioned, but more especially by the tJiyro-

F. p. 34
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arytenoidei externus and internus ; these acting alone, supposing the

arytenoid cartilages to be fixed, would pull the thyroid cartilage up-

wards and backwards, and so shorten the distance between the pro-

cessus vocales and that body.

Thus almost every movement of the lar3mx is effected not by one

muscle only but by several, or at least by more than one, acting in

concert. The movements which give rise to the voice are pre-

eminently combined and co-ordinate movements. When we re-

member how a very slight variation in the tension of the vocal cords

must give rise to a marked difference in the pitch of the note uttered,

and yet what a multitude of fine differences of pitch are at the com-

mand of a singer of even moderate ability, it appears exceedingly

probable that the various muscular combinations required ta produce

the possible variations in pitch are of such a kind that frequently a

part only, possibly a few fibres only, of a particular muscle, may be

thrown into contraction, while all the rest of the muscle remains

quiet. Taking into view moreover the great range of pitch possessed

by even common voices, as compared with the possible variations of

tension of which the vocal cords in their natural length are capable,

it has been suggested that some of the fibres of the thyro-arytenoi-

deus internus, which passing either from the thyroid or from the

arytenoid, appear to end in the vocal cords themselves, may, by
fixing particular points of the cords, so to speak, 'stop' them; and by
thus artificially shortening the length actually thrown into vibration,

produce higher notes than the cords in their natural length are

capable of producing. It has been also suggested that the processus

vocales may overlap each other, and thereby shorten the length

of cord available for vibration\

These various muscles are supplied by the vagus nerve, or rather

by spinal accessory fibres running in the vagus-trunk. The superior

laryngeal is the afferent nerve supplying the mucous membrane, but it

also contains the motor fibres distributed to the crico-thyroid muscle

;

hence when this nerve is divided on one side the corresponding vocal

cord is relaxed and high notes become impossible. It is worthy of

notice that this, the chief tensor, and therefore the most important,

muscle of the larynx, has a separate and distinct nervous supply.

According to some authors the arytenoideus posticus also receives its

nervous supply from this nerve ; but this is denied by Schech^

The inferior laryngeal or recurrent branch supplies all the other

muscles. When this nerve is divided the voice is lost, since the

approximation and parallelism of the vocal cords can no longer be

effected. When in a living animal both recurrent nerves are divided,

the glottis is seen to become immobile and partially dilated, the vocal

cords assuming the position in which they are found in the body after

death, and which may be considered as the condition of equilibrium

1 Cf. Euhlmann, Wien. Sitzungsbericht. lxix. (1874) p. 257.
s Zt. f. Biol. IX. p. 258.
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between the diluting and constricting muscles. During forcible inspi-

ration the glottis passes from this condition in the direction of more
complete dilation ; during forcible expiration, the change is one of

constriction. When the peripheral portion of one recurrent nerve is

stimulated, the vocal cord of the same side is approximated to the
middle line ; when both nerves are stimulated, the vocal cords are

brought together and the glottis is narrowed. Though the nerve is

distributed to both dilating and constricting muscles, the latter over-

come the former when the nerve is artificially stimulated. In the
complete enclosure of the glottis, which is so important a part of the
act of coughing (p. 309), the group of muscles which we have spoken
of as constituting a sphincter is thrown into forcible contractions by
the recurrent laryngeal nerve.

Though fundamentally a voluntary act, the utterance of a given
note is not affected by the direct passage of simple volitional impulses
down to the laryngeal muscles. So complex and co-ordinate a move-
ment as that of sounding even a simple and natural note, requires a
coordinating nervous mechanism in which, as in other complex muscular
actions, afferent impulses play an important part. Auditory sensa-

tions, if not as important for an accurate management of the voice as

are visual sensations for the movements of the eye, are yet of prime
importance. This is recognized when we say that such and such a
one whose power over his laryngeal muscles is imperfect, 'has no ear.'

The 'falsetto' voice is one not at present clearly understood. According
to some authors the vocal cords are seen to be wide apart when falsetto

notes are uttered, and not close and parallel as in the ordinary voice.

Hence for the development of these notes, a stronger blast of air and a
greater effort are required. When, as in an ordinary full voice, the glottis

is very narrow, the trachea and bronchi serve the purpose of a resonance

chamber ; hence such a voice is spoken of as a ' chest ' voice. In the falsetto

voice, where the vocal cords are wide apart, this function of the air-tubes is

in abeyance. This view is combated by Vacher^, who, from observations on
himselfhas come to the conclusion that the glottis is narrowed in both kinds
of notes, the cords vibrating along their whole length in the chest notes, and
along their anterior portions only in the high falsetto notes. According to

him, therefore, the high notes are the result of a ' stopping ' of the vocal

cords, but whether this is effected by the action of the thyro-arytenoideus

internus spoken of above, must be left at present uncertain. Johannes
Miiller was of opinion that in the falsetto notes the edges only of the vocal

cord vibrate, while in the chest notes the whole width of each cord is

involved. It is exceedingly probable that the falsetto notes are pro-

duced by some muscular manoeuvre, since they may by exercise be uttered

with comparative ease. The change from the chest to the falsetto range
is an abrupt one, and the combined range may be very extensive, as in

the case of persons who can carry on a duet, singing alternately for in-

stance, in a tenor (chest) and a soprano (falsetto) voice. According to

"Vacher the rima respiratoria is always completely closed during singing,

whether chest or falsetto notes, and not as Mandl thought in the latter only.

1 De la Voix, Paris, 1877.

34—
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The ventricles of Morgagni are apparently of use in giving the vocal

cords sufficient room for their vibrations. The purpose of the false vocal

cords is not exactly known. Some authors think that in the falsetto

voice they are brought down into contact with, and thus serve to stop, the

true vocal cords.

At the age of puberty a rapid development of the larynx takes place,

leading to a change in the range of the voice. The peculiar harshness

of the voice when it is thus ' breaking ' seems to be dvie to a temporary
congested and swollen condition of the mucous membrane of the vocal coi'ds

accompanying the active growth of the whole larynx. The change in the

mucous membrane may come on quite suddenly, the voice 'breaking' for

instance in the course of a night.

Sec. 2. Speech.

Vowels.

Every sound, or every note (for all vocal sounds are musical sounds,

when considered by themselves) caused by the vibrations of the vocal

cords, besides its loudness due to the force of the expiratory blast, and
its pitch due to the tension of the cords, has a quality of its own, due
to the number and relative prominence of the overtones which accom-
pany the fundamental tone. Some of these features which make up
the quality are imposed on the note by the nature of the vocal cords,

but still more arise from various modifications which the relative

intensities of the overtones undergo through the resonance of the cavity

of the mouth and throat. Whenever we hear a note sounded by the
larynx we are able to recognize in it features which enable us to state

that one or other of the 'vowels' is being uttered. Vowel sounds are

in fact only extreme cases of quality, extreme prominence of certain

overtones brought about by the shape assumed by the buccal and
pharyngeal passages and orifices, as the vibrations pass through them.
Each vowel has its appropriate and causative disposition of these parts.

When i (ee in feet) is sounded, the sounding-tube of the upper air'

passages is made as short as possible, the larynx is raised and the
lips are retracted, the whole cavity of the mouth taking on the form
of a broad flask with a narrow neck. During the giving out of e

(a in fat) the shape of the mouth is similar, but somewhat longer.

For the production of a (as in father) the mouth is widely open, so

that the buccal cavity is of the shape of a funnel with the apex at the
pharynx. With o, the buccal cavity is again flask-shaped, with the.

mouth more closed than in a, but the lips, instead of being retracted

as in i and e, are somewhat protruded, so that the sounding tube is pro-

longed. The greatest length of the tube is reached in u (oo), in which
the larynx is depressed and the lips protruded as much as possible.

While the two latter vowels are being uttered, the general form of

the buccal cavity is that of a flask with a short neck and a small
opening, the orifice being smaller for u than for o.
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Each of tliese various * vowel ' forms of the mouth possesses a note of

its own, one towards which it acts as a resonance chamber. Thus if several

tuning-forks of various pitch be held while sounding before a mouth which
has assumed the particular form necessary for sounding TJ, it will be found

that the resonance will be particularly great with the fork having the pitch

of the bass 6-flat. Similarly the pitch of the treble h will be more intensified

by the mouth moulded to sound O, the octave h above the treble will cor-

respond to A, another octave higher to E, and still an octave higher to

I. And it is the exjDerience of singers that each vowel is sung with pecu-

liar ease on a note liaAdng a prominent overtone corresponding to the tone

proper to the mouth when moulded to utter the vowel. The precise nature

of the vowel sounds however requii-es further investigation.

As the vibrations are travelling through the pharyngeal and buccal

cavities, the posterior nares are closed by the soft palate ; and it may
be shewn, b}'' holding a iiame before the nostril, that no current

of air issues from the nose when a vowel is properly said or sung.

When the posterior nares are not effectually closed the sound ac-

quires a nasal character. The same happens when the anterior

nares are closed, as when the nose is held between the fingers, the

nasal chamber then forming a cavity of resonance.

Consonants.

Vowels are, as their name implies, the only real vocal sounds ; it

is only on a vowel that a note can be said or sung. Our speech

however is made up not only of vowels but also of consonants, i. e.

of sounds which are produced not by the vibrations of the vocal cords

but by the expiratory blast being in various ways interrupted or

otherwise modified in its course through the throat and mouth.
The distinction between the two is however not an absolute one,

since, as we have seen, the characters of the several vowels depend on
the form of the mouth, and in the production of some consonants

(B, D, M, N, &c.) vibrations of the vocal cords form a necessary though
adjuvant factor.

Consonants have been classified according to the place at which
the characteristic interruption or modification takes place. Thus it

may occur,

1. At the lips, by the movement or position of the lips in refer-

ence to each other or to the teeth, giving rise to labial consonants.

2. At the teeth, by the movement or position of the front part

of the tongue in reference to the teeth or the hard palate, giving rise

to dental consonants.

3. In the throat, by the movement or position of the root of the

tongue in reference to the soft palate or pharynx, giving rise to gut-

tural consonants.

Among the dentals again may be distinguished the dentals com-

monly so called, such as T, the sibilants such as S, and the lingual L,

all differing in the relative position of the tongue, teeth, and palate.
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Consonants may also be classified according to the character of

the movements which give rise to them. Thus they may be either

explosive or continuous.

1. Explosives. In these the characters are gives to the sound
by the sudden establishment or removal of the appropriate interrup-

tion. Thus, in uttering the labial P, the lips are first closed, then an
expiratory current of air is driven against them, and upon their being
suddenly opened, the sound is generated. Similarly, the dental T is

generated by the sudden removal of the interruption caused by the

approximation of the tip of the tongue to the front of the hard
palate, and the guttural K by the sudden removal of the interruption

caused by the approximation of the root of the tongue to the soft

Tjalate.

The labial B differs from P, inasmuch as it is accompanied by
vibrations of the vocal cords (that is, a vowel sound is uttered at the .

same time), and these vibrations continue after the removal of the

interruption. Hence B is often spoken of as being uttered with
voice and P without voice ; and D and G (hard) with voice bear
the same relation to T and K without voice.

The continuous consonants may further be divided into

2. Aspirates. In these the sound is generated by a rush of air

through a constriction formed by the partial closure of the lips, or by
the raising of the tongue against the hard or soft palate, &c. Thus
F is sounded when the lips are brought into partial, and not as in P
and B into complete approximation, and a current of air is driven

through the narrowed opening. F is uttered without any accompany-
ing vibration of the vocal cords, i.e. without voice. With voice it

becomes V.

The sibilant S is formed by a rush of air past an obstruction caused

by the partial closure of the teeth, the front of the tongue being
depressed at the same time ; and S accompanied with vibrations of

the vocal cords becomes Z.

In Sh the dorsal surface of the tongue is raised so as to narrow
the passage between that organ and the palate for a considerable

portion of its length.

Th is formed by placing the tongue between the two partially

open rows of teeth ; and the hard and soft Th bear to each other the

same relation as do P and B.

L is produced when the passage is closed in the middle by
pressing the tip of the tongue against the hard palate and the air is

allowed to escape at the sides of the tongue.

When the constriction in an aspirate is formed by the approxi-

mation of the root of the tongue to the soft palate, we have the gut-

tural CH (as in loch) without voice and GH (as in lough) with
voice.

3. Resonants. In these, all of which must have vibrations of the

vocal cords as a basis, the usual passage through the mouth is closed
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either in a labial, dental, or guttural, fashion and the peculiar

character is given to the sound by the nasal chambers acting as a
resonance cavity. Thus in M, the passage is closed by the approxi-
mation of the lips, in N, by the approximation of the tongue to the
hard palate, and in NG by the approximation of the root of the
tongue to the soft palate.

4. The various forms of R are often spoken of as mhratory, the

characteristic sounds being caused by the vibration of some or other
of the parts forming a constriction in the vocal passage. Thus the
ordinary E, is produced by vibrations of the point of the tongue
elevated against the hard palate, the guttural R by the vibrations

of the uvula or other parts of the walls of the pharynx ; and in some
languages there seems to be an R produced by the vibrations of the
lips.

H is caused by the rush of air through the widely open glottis.

When, in sounding a vowel, the sound is begun by a sudden change
in the position of the vocal cords from one of divergence to one of

approximation, the vowel is pronounced with the spiritus asper.

When the vocal cords are brought together before the blast of air

begins, the vowel is pronounced with the spiritus lenis. The Arabic
H is produced by closing the rima vocalis, the epiglottis and false

vocal cords being depressed, and sending a blast of air through the

rima respiratoria.

On many of the above points however, there are great differences

of opinion, the discussion of which as well as of other more rare con-

sonantal sounds would lead us too far away from the purpose of this

book. The following tabular statement must therefore be regarded
as introduced for convenience only.

Explosives. Labials, without voice, P.

„ with voice, B.

Dentals, without voice, T.

„ with voice, D.
Gutturals, without voice, K.

„ with voice, G (hard).

Aspirates. Labials, without voice, F.

„ with voice, Y.

Dentals, without voice, S, L, Sh, Th (hard).

„ with voice, Z, Zh (in azure, the

French j),Th (soft).

Gutturals, without voice, CH (as in loch).

„ with voice, GH (as in lough).

Resonants. Labial, M.
Dental, N.
Guttural, NG.

Vibratory. Labial, not known in European speech.

Dental, R (common).
Guttural, R (gutturalj.
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Whispering is speech without any employment of the vocal cords,

and is effected chiefly by the lips and tongue. Hence in whispering

the distinction between consonants needing and those not needing

voice, such as B and P, becomes for the most part lost.

Sec. 3. Locomotoe Mechanisms..

The skeletal muscles are for the most part arranged to act on the

bones and cartilages as on levers, examples of the first kind of lever

being rare, and those of the third kind, where the power is applied

nearer to the fulcrum than is the weight, being more common than

the second. This arises from the fact that the movements of the body
are chiefly directed to moving comparatively light weights through a

great distance, or through a certain distance with great precision,

rather than to moving heavy weights through a short distance. The
fulcrum is generally supplied by a (perfect or imperfect) joint, and
one end of the acting muscle is made fast by being attached either to

a fixed point, or to some point rendered fixed for the time being by
the contraction of other muscles. There are few movements of the

body in which one muscle only is concerned ; in the majority of cases

several muscles act together in concert ; nearly all our movements are

coordinate movements. Where gravity or the elastic reaction of the

parts acted on do not afford a sufficient antagonism to the con-

traction of a muscle or group of muscles, the return to the condition

of equilibrium is provided for by the action either elastic or contrac-

tile of a set of antagonistic muscles ; this is seen in the case of the

face.

The erect posture, in which the weight of the body is borne by
the plantar arches, is the result of a series of contractions of the

muscles of the trunk and legs, having for their object the keeping the

body in such a position that the line of gravity falls within the area of

the feet. That this does require muscular exertion is shewn by the

facts, that a person when standing perfectly at rest in a completely

balanced position falls when he becomes unconscious, and that a dead

body cannot be set on its feet. The line of gravity of the head

falls in front of the occipital articulation, as is shewn by the nodding

of the head in sleep. The centre of gravity of the combined head

and trunk lies at about the level of the ensiform cartilage, in front of

the tenth dorsal vertebra, and the line of gravity drawn from it passes

behind a line joining the centres of the two hip-joints, so that the

erect body would fall backward were it not for the action of the

muscles passing from the thighs to the pelvis assisted by the anterior

ligaments of the hip-joints. The line of gravity of the combined

head, trunk and thighs falls moreover a little behind the knee-joints,

so that some, though little, muscular exertion is required to prevent

the knees from being bent. Lastly, the line of gravity of the whole

body passes in front of the line drawn between the two ankle-joints,
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tlie centre of gravity of the whole body being placed at the end of the

sacrum ; hence some exertion of the muscles of the calves is required

to prevent the body falling forwards.

In walking, there is in each step a moment at which the body

rests vertically on the foot of one, say the right leg, while the other,

the left leg, is inclined obliquely behind with the heel raised and the

toe resting on the ground. The left leg, slightly flexed to avoid

contact with the ground, is then swung forward like a pendulum,

the length of the swing or step being determined by the length of the

leg ; and the left toe^ is brought to the ground. On this left toe as

a fulcrum, the body is moved forward, the centre of gravity of the

body describing a curve the convexity of which is upward, and the

left leg necessarily becoming straight and rigid. As the body moves

forward, a point will be reached similar to that with which we sup-

posed the step to be started, the body resting vertically on the left

foot, and the right leg being directed behind in an oblique position.

The movement on the left foot however carries the body beyond this

point, and in doing so swings the right leg forward until it is the

length of a step in advance of its previous position, and its toe in

turn forms a fulcrum on which the body, and with it the left leg,

is again swung forward. Hence in successive steps the centre of

gravity, and with it the top of the head, describes a series of con-

secutive curves, with their convexities upwards, very similar to the

line of flight of many birds.

Since in standing on both feet the line of gravity falls between

the two feet, a lateral displacement of the centre of gravity is ne-

cessary in order to balance the body on one foot. Hence in walking

the centre of gravity describes not only a series of vertical, but also

a series of horizontal curves, inasmuch as at each step the line of

gravity is made to fall alternately on each standing foot. While the

left leg is swinging, the line of gravity falls within the area of the

right foot, and the centre of gravity is on the right side of the pelvis.

As the left foot becomes the standing foot, the centre of gravity is

shifted to the left side of the pelvis. The actual curve described by
the centre of gravity is therefore a somewhat complicated one, being

composed of vertical and horizontal factors. The natural step is the

one which is determined by the length of the swinging leg, since this

acts as a pendulum ; and hence the step of a long-legged person is

naturally longer than that of a person with short legs. The length

of the step however may be diminished or increased by a direct

muscular effort, as when a line of soldiers keep step in spite of their

having legs of different lengths. Such a mode of marching must
obviously be fatiguing, inasmuch as it involves an unnecessary ex-

penditure of energy.

In slow walking there is an appreciable time during which, while

1 This indicates perhaps -what should be done rather than the actual practice; most

people put the heel to the ground first, the contact with the toe coming later.
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one foot is already in position to serve as a fulcrum, the other,

swinging, foot has not yet left the ground. In fast walking this

period is so much reduced, that one foot leaves the ground the

moment the other touches it ; hence there is practically no period

during which both feet are on the ground together.

When the body is swung forward on the one foot acting as a

fulcrum with such energy that this foot leaves the ground before the

other, swinging, foot has reached the ground, there being an interval

during which neither feet are on the ground, the person is said to

be numing, not walking.

In jumping this propulsion of the body takes place on both

feet at the same time ; in hopping it is effected on one foot only.

The locomotion of four-footed animals is necessarily more com-
plicated than that of man. The simple walk, such as that of the

horse, is executed in four times, with a diagonal succession: thus,

right fore leg, left hind leg, left fore leg, right hind leg. In the

amble, such as that of the camel, the two feet of the same side are

put down at one and the same time, this movement being followed

by a similar movement of the other two legs; it corresponds therefore

very closely to human walking. In the trot, which corresponds to

human running, the two diagonally opposite feet are brought to the

ground at the same time, and the body is propelled forwards on

them. Of the gallop and canter there are many varieties, and the

movements become very complicated\
The other problems connected with the action of the various

skeletal muscles of the body are too special to be considered here.

1 See Marejj La Machine Animale (1876).
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THE TISSUES AND MECHANISMS OF EEPEODTJCTION.

Many of the individual constituent parts of the body are capable

of reproduction, i.e. they can give rise to parts like themselves; or they

are capable of regeneration, i.e. their places can be taken by new
parts more or less closely resembling themselves. The elementary

tissues undergo during life a very large amount of regeneration.

Thus the old epithelium scales which fall away from the surface of

the body are succeeded by new scales from the underlying layers of

the epidermis ; old blood corpuscles give place to new ones ; worn out
muscles, or those which have failed from disease, are renewed by the

accession of fresh fibres ; divided nerves grow again ; broken bones
are united ; connective tissue seems to disappear and appear almost
without limit; new secreting cells take the place of the old ones

which are cast off ; in fact, with the exception of some cases, such as

cartilage, and these doubtful exceptions, all those fundamental tissues

of the body, which do not form part of highly differentiated organs,

are, within limits fixed more by bulk than by anything else, capable

of regeneration. That regeneration by substitution of molecules,

which is the basis of all life, is accompanied by a regeneration by
substitution of mass.

In the higher animals regeneration of whole organs and members,
even of those whose continued functional activity is not essential to

the well being of the body, is never witnessed, though it may be
seen in the lower animals ; the digits of a newt may be restored by
growth, but not those of a man. And even partial destruction of

highly differentiated organs, such as the retina, is followed in the

higher animals by very imperfect repair.

In the higher animals the reproduction of the whole individual

can be effected in no other way than by the process of sexual genera-

tion, through which the female representative element or ovum is,

under the influence of the male representative or spermatozoon, de-

veloped into an adult individual.

We do not purpose to enter here into any of the morphological

problems connected with the series of changes through which the

ovum becomes the adult being ; or into the obscure biological inquiry

as to how the simple all but structureless ovum contains within itself,

in potentiality, all its future developments, and as to what is the
essential nature of the male action. These problems and questions

are fully discussed elsewhere ; they do not properly enter into a
work on physiology, except under the view that all biological pro-

blems are, when pushed far enough, physiological problems. We
shall limit ourselves to a brief survey of the more important physio-

logical phenomena attendant on the impregnation of the ovum, and
on the nutrition and birth of the embryo.



CHAPTER I,

MENSTRUATION.

From puberty, -which occurs at from 18 to 17 years of age, to the

climacteric, which arrives at from 45 to 50 years of age, the human
female is subject to a monthly discharge of ova from the ovaries^

accompanied by special changes, not only in those organs but also

in the Fallopian tubes and uterus, as well as by general changes in

the body at large, the whole constituting 'menstruation.' The essen-

tial event in menstruation is the escape of an ovum from its Graafian

follicle. The whole ovary at this time becomes congested, and the

ripe follicle bulging from the surface of the ovary, is grasped by the

trumpet-shaped fringed opening of the Fallopian tube, itself turgid

and congested ; by what mechanism this is effected is not exactly

known. The most projecting portion of the wall of the follicle, which

has previously become excessively thin, is now ruptured, and the ovum,

which having left its earlier position, is lying close under the project-

incc surface of the follicle, escapes, together with the cells of the

discus proligerus, into the Fallopian tube. Thence it travels down-

wards, very slowly, by the action probably of the cilia lining the

tube, though possibly its progress may occasionally be assisted by the

peristaltic contractions of the muscular walls. The stay of the ovum
in the Fallopian tube may extend to several days. There is an
effusion of blood into the ruptured follicle, which is subsequently

followed by histological changes in the coats of the follicle result-

ing in a corpus luteum. The discharge of the ovum is accompanied

not only by a congestion or erection of the ovary and Fallopian

tube, but also by marked changes in the uterus, especially in the

uterine mucous membrane. While the whole organ becomes con-

gested and enlarged, the mucous membrane, and especially the

uterine glands, are distinctly hypertrophied. The swollen internal

surface is thrown into folds which almost obliterate the cavity ; and a

hsemorrhagic discharge, often considerable in extent, constituting the

menstrual or catamenial flow, takes jjlace from the greater part of its

surface. The blood as it passes through the vagina becomes some-

what altered by the acid secretions of that passage, and when scanty

coagulates but slightly ; when the flow however is considerable, dis-

tinct clots may make their appearance. It is not certain that mens-
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truation, in the human subject at all events, is always accompanied
by a discharge of an ovum ; and it seems probable also that under
certain circumstances, ex.gr. coitus, a discharge of an ovum may take
place at other times than at the menstrual period. Since however
the time during which both the ovum and the spermatozoon may
remain in the female passages alive and functionally capable is con-
siderable, probably extending to some days, coitus effected either

some time after or some time before the menstrual escape of an ovum
might lead to impregnation and subsequent development of an em-
bryo ; hence the fact that impregnation may follow upon coitus at

some time after or before menstruation is no very cogent argument
in favour of the view that such a coitus has caused an independent
escape of an ovum. The escape of the ovum is said to precede the
catamenial flow^ If no spermatozoa come in contact with the ovum
it dies, the uterine membrane returns to its normal condition, and
no trace of the discharge of an ovum is left, except the corpus luteum
in the ovary.

According to many authors the uterine mucous membrane is actually

shed during menstruation, and subsequently enth-ely regenerated. Accord-
ing to their view the hsemorrhagic discharge is due to a positive ' solution

of contiauity.' In animals no discharge of blood, or a very scanty one,

takes place at ' heat ' or ' rut

'

; hence this point cannot be settled by com-
parative studies ; and in the human subject the interval which must
necessarily elapse between death and examination, is sufficiently long to
render investigation very difficult. Williams^ has brought forward strong
evidence in favour of an actual loss of substance taking place. According
to him, menstruation is accompanied by a rapid growth and subsequent
rapid degeneration of the mucous membrane, for a depth reaching down to

that layer of muscular fibres which passes among the deeper parts of the
uterine glands. The growth and degeneration begin at an abrupt line

near the cervix, and spread towards the fundus. The decay lays bare
small blood-vessels, from which the hsemorrhage takes place.

It is obvious that in these phenomena of menstruation we have
to deal with complicated reflex actions affecting not only the vascular

supply but, apparently in a direct manner, the nutritive changes of

the organs concerned. Our studies on the nervous action of secretion

render it easy for us to conceive in a general way how the several

events are brought about. It is no more difficult to suppose that

the stimulus of the enlargement of a Graaffian follicle causes nutritive

as well as vascular changes in the uterine mucous membrane, than it

is to suppose that the stimulus of food in the alimentary canal causes

those nutritive changes in the salivary glands or pancreas which
constitute secretion. In the latter case we can to some extent trace

out the chain of events ; in the former case we hardly know more
than that the maintenance of the lumbar cord is sufficient, as far as

^ Williams, Proc. Roy. Soc. xsiii. 439.
2 Proc. Roy. Soc. xxii. 297. See also hia Struct. Hue. Memb, of Uterus, 1875.
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the central nervous system is concerned, for the carrying on of the
work. In the case of a dog observed by Goltz\ 'heat' or menstrua-
tion took place as usual, though the spinal cord had been completely
divided in the dorsal region while the animal was as yet a mere puppy.

The operation was performed in Dec. 1873. In the following May the
animal was in excellent health, and there was not the slightest indication

that any functional connection between the dorsal and lumbar portions

of the spinal cord had been re-established. At the end of that month
' heat ' came on, attended by all the ordinary phenomena psychical as well as

physical. Impregnation was effected and the animal became gravid. The
pregnancy, like the heat, was marked by all the usual signs ; the mammary
glands enlarged, and the usual mental accompaniments of the condition

were present. Finally, one livuig and two dead puppies were born, the

first without and the latter two with assistance ; the mother however sank
soon afterwards from puerperal peritonitis. The post-mortem examination

shewed that thei-e had been no regeneration of the divided spinal cord j the

two portions were separated by more than a centimetre.

In this case the connection between the ovary on the one hand and
the mammary gland, brain, &c., on the other, must, if a nervous one, have
been furnished by the abdominal sympathetic. We may however suppose,

that the nexus was a chemical one ; that the condition of the ovary and
uterus effected a change in the blood, which in turn excited the mammary
gland to increased action and produced special changes in the brain.

1 Pfliiger's ArcMv, ix. (1874) p. 552.



CHAPTER II.

IMPREGNATION.

In coitus the discharge of the semen containing the spermatozoa
is most probably effected by means of the peristaltic contractions of
the vesiculse seminales and vasa deferentia, assisted by rhythmical
contractions of the bulbo-cavernosus muscle, the whole being a reflex

act, the centre of which appears to be in the lumbar spinal cord,

Goltz^ has shewn that in the dog, emission of semen can be brought
about by stimulation of the glans penis after complete division of

the spinal cord in the dorsal region. The emission of semen is

preceded by an erection of the penis. This we have already seen,

p. 165, is in part at least due to an increased vascular supply brought
about by means of the nervi erigentes ; it is probable, however, that
the condition is further secured by a compression of the efferent

veins of the corpora cavernosa by means of smooth muscular fibres

present in those bodies. The semen being received into the female
organs, which are at the time in a state of turgescence resembling
the erection of the penis, but less marked, the spermatozoa find

their way into the Fallopian tubes, and here (probably in its upper
part) come in contact with the ovum. In the case of some animals
impregnation may take place at the ovary itself. The passage of

the spermatozoa is most probably effected mainly by their own
vibratile activity ; but in some animals a retrograde peristaltic move-
ment travelling from the uterus along the Fallopian tubes has been
observed ; this might assist in bringing the semen to the ovum, but
inasmuch as these movements are probably parts of the act of coitus

and impregnation may be deferred till some time after that event,

no great stress can be laid upon them.

The ascent of the spermatozoa is certainly puzzling if the cilia of the

Fallopian tubes, which act from above downwards, continue their activity

after the escape of the ovum. The spermatozoa directly they come in

contact with the ovum become motionless ; this suggests that the final cause

of their activity is to enable them to reach the ovum.

As the result of the action of the spermatozoa on the ovum, the
latter, instead of dying as when impregnation fails, awakes to great

1 Pfluger's Archiv, viii. (1874), p. 460.

F. P. 35
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nutritive activity accompanied by remarkable morphological changes

;

it enlarges and developes into an embryo. No sooner, however, have

these changes begun in the ovum than correlative changes, brought

about probably by reflex action,, but at present most obscure in their

causation, take place in the uterus. The mucous membrane of this

organ, whether the coitus resulting in impregnation be coincident

with a menstrual period or not, becomes congested, and a rapid growth

takes place, the uterine glands, as in menstruation, becoming espe-

cially largely developed, accompanied by a rapid proliferation of the

subepithelial tissue. Unlike the case of menstruation, however, this

new growth does not give way to immediate decay and haemorrhage,

but remains ; and may be distinguished as a new temporary lining to

the uterus, the so-called decidua. Into this decidua the ovum, on its

descent from the Fallopian tube, in whic]| it has undergone develop-

mental changes, extending most probably as far at least as the for-

mation of the blastoderm if not farther, is received ; and in this it

becomes imbedded, the new growth closing in over it. Meanwhile
the rest of the uterine structures, especially the muscular tissue,

become also much enlarged ; as pregnancy advances a large number
of new muscular fibres are formed. As the ovum continues to in-

crease in size, it bulges into the cavity of the uterus, carrying

with it the portion of the decidua which has closed over it. Hence-
forward, accordingly, a distinction is made in the now well-developed

decidua between the decidua reflexa, or that part of the membrane
which covers the projecting ovum, and the decidua vera, or the

rest of the membrane lining the cavity of the uterus, the two being

continuous round the base of the projecting ovum. That part of

the decidua which intervenes between the ovum and the nearest

uterine wall is frequently spoken of as the decidua serotina. As the

ovum developes into the foetus with its membranes, the decidua

reflexa becomes pushed against the decidua vera; about the end
of the third month, in the human subject, the two come into com-
plete contact all over, and ultimately the distinction between them is

lost. In the region of the decidua serotina the allantoic vessels of

the foetus develope a placenta. For an account of the various changes

by which these events are brought about, as well as of the history of

the embryo itself, we must refer the reader to anatomical treatises.



CHAPTER III.

THE NUTRITION OF THE EMBRYO.

DuEiNG the development of tlie chick within the hen's egg the nu-
tritive material needed for the growth first of the blastoderm, and
subsequently of the embryo, is supplied by the yolk, while the oxygen
of the air passing freely through the porous shell, gains access to all

the tissues both of the embryo and yolk, either directly or by the

intervention of the allantoic vessels. The mammalian embryo, during

the period which precedes the extension of the allantoic vessels

into the cavities of the uterine walls to form the placenta, must be
nourished by direct diffusion, first from the contents of the Fallopian

tube, and subsequently from the decidua ; and its supply of oxygen
must come from the same sources. All analogy would lead us to sup-

pose that, from the very first, oxidation is going on in the blastodermic

and embryonic structures ; but the amount of oxygen actually with-

drawn from without is probably exceedingly small in the early stages,

seeing that nearly the whole energy of the metabolism going on is

directed to the building up of structures, the expenditure of energy

in the form of either heat or external work being extremely small.

The marked increase of bulk which takes place during the conversion

of the mulberry mass into the blastodermic vesicle, shews that at

this epoch a relatively speaking large quantity of water at least, and
probably of nutritive matter, must pass from without into the ovum

;

and subsequently, though the blastoderm and embryo may for some
time draw the material for their continued construction at first hand
from the yolk-sac or umbilical vesicle, both this and they continue

probably until the allantois is formed to receive fresh material from

the mother by direct diffusion.

As the thin-walled allantoic vessels come into closer and fuller

connection with the maternal uterine sinuses, until at last in the

fully formed placenta the former are freely bathed in the blood stream-

ing through the latter, the nutrition of the embryo becomes more and
more confined to this special channel. The blood of the foetus

flowing along the umbilical arteries effects exchanges with the venous

blood of the mother, and leaves the placenta by the umbilical vein

richer in oxygen and nutritive material and poorer in carbonic acid

and excretory products than when it issued from the foetus.

' 35—2
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As far as the gain of oxygen and the loss of carbonic acid are

concerned these are the results of simple diffusion. Venous blood, as

we have already seen, always contains a quantity of oxyheemoglobin,

and the quantity of this substance present in the blood of the

uterine veins is sufficient to supply all the oxygen that the embryo
needs. The blood of the foetus, containing less oxygen than even the

venous blood of the mother, will take up a certain though small

quantity. The foetal blood travelling in the umbilical artery must, in

proportion to the extent of the nutritive changes going on in the

embryo, possess a higher carbonic tension than that in the umbilical

vein or uterine sinus ; and by diffusion gets rid of this surplus during

its stay in the placenta. The blood in the umbilical arteries and
veins is therefore, relatively speaking, venous and arterial respectively,

though the small excess of oxyhsemoglobin in the blood of the umbilical

vein^ is insufficient to give it a distinctly arterial colour, or to dis-

tinguish it as sharply from the more venous blood of the umbilical

artery, as is ordinary arterial from ordinary venous blood. Thus the

foetus breathes by means of the maternal blood, in the same way that

a fish breathes by means of the water in which it dwells.

The blood of the foetus, according to Zuntz", is very poor in Bfemo-

globia corresponding to its low oxygen consumption. When the mother is

asphyxiated, the fcetus is asphyxiated too, the oxygen of the latter passing

back again in the blood of the former ; and the asphyxia thus produced in

the foetus is much more rapid than that which results when the oxygen is

used up by the tissues of the foetus alone, as when the umbilicus is ligatured

and the fcetus not allowed to breathe.

If oxygen and carbonic acid thus pass by diffusion to and from

the mother and the foetus, one might fairly expect that diffusible

salts, i^roteids, and carbohydrates would be conveyed to the latter,

and diifusible excretions carried away to the former in the same way

;

and if fats can pass directly into the portal blood during ordinary

diofestion, there can be no reason for doubtinof that this class of food-

stuffs also would find its way to the foetus through the placental

structures. We do know from experiment that diffusible substances

will pass both from the mother to the foetus, and from the frjstus to the

mother ; but we have no definite knowledge as to the exact form and
manner in which, during normal intra-uterine life, nutritive materials

are conveyed to or excretions conveyed from the growing young. The
placenta is remarkable for the great development of cellular structures

apparently of an epithelial nature on the border-land between the

maternal and foetal elements ; and it has been suggested that these

form a temporary digestive and secretory (excretory) organ. But we
have no exact knowledge of what actually does take place in these

structures. From the cotyledons of ruminants may be obtained a

^ Zweifel, Arch, fur Gijnflliologic, ix. Hft. 2.

2 l^iiuger's Archiv, xiv. (1877)', p. GOo.
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white creamy-looking fluid, wliich from many features of its chemical

composition might be almost spoken of as a ' uterine milk.'

Speaking broadly, the foetus lives on the blood of its mother,

very much in the same way as all the tissues of any animal live

on the blood of the body of which they are the parts.

For a long time all the embryonic tissues are ' protoplasmic' in

character ; that is, the gradually differentiating elements of the several

tissues remain still embedded, so to speak, in undifferentiated proto-

plasm ; and during this period there must be a general similarity in

the metabolism going on in various parts of the body. As differen-

tiation becomes more and more marked, it obviously would be an

economical advantage for partially elaborated material to be stored up
in various foetal tissues, so as to be ready for immediate use when
a demand arose for it, rather than for a special call to be made at

each occasion upon the mother for comparatively raw material needing

subsequent preparatory changes. Accordingly, we find the tissues of

the foetus at a very early period loaded with glycogen. The muscles

are especially rich in this substance, but it occurs in other tissues as

well. The abundance of it in the former may be explained partly by
the fact that they form a very large proportion of the total mass of

the foetal body, and partly by the fact that, while during the presence

of the glycogen they contain much undifferentiated protoplasm, they

are exactly the organs which will ultimately undergo a large amount
of differentiation, and therefore need a large amount of material for

the metabolism which the differentiation entails. It is not until the

later stages of intra-uterine life, at about the fifth month, when it is

largely disappearing from the muscles, that the glycogen begins to be

deposited in the liver. By this time histological differentiation has

advanced largely, and the use of the glycogen to the economy has be-

come that to which it is put in the ordinary life of the animal; hence

we find it deposited in the usual place. Besides being present in the

foetal, glycogen is found also in the placental structures; but here pro-

bably it is of use, not for the foetus, but for the nutrition and growth

of the placental structures themselves. We do not know how much
carbohydrate material finds its way into the umbilical vein ; and we
cannot therefore state what is the source of the fostal glycogen ; but

it is at least possible, not to say probable, that it arises, as we have

reason (p. 839) to think it may, from a splitting up of proteid material.

Concerning the rise and development of the functional activities

of the embryo, our knowledge is almost a blank. We know scarcely

anything about the various steps by which the primary fundamental

qualities of the protoplasm of the ovum are differentiated into the

complex phenomena which we have attempted in this book to ex-

pound. We can hardly state more than that while muscular con-

tractility becomes early developed, and the heart probably, as in the

chick, beats even before the blood-corpuscles are formed, movements
of the foetus do not, in the human subject, become pronounced until

after the fifth month ; from that time forward they increase and sub-
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sequently become very marked. They are often spoken of as reflex

in character ; but only a preconceived bias would prevent them from

being regarded as largely automatic. The digestive functions are

naturally, in the absence of all food from the alimentary canal, in

abeyance ; but the excretory functions of the liver are developed early,

and about the third month bile-pigment and bile-salts find their way
into the intestine. The quantity of bile secreted during intra-uterine

life, accumulates in the intestine and especially in the rectum, form-

ing, together with the smaller secretion of the rest of the canal, and

some desquamated epithelium, the so-called meconium. Bile salts,

both unaltered and variously changed, the usual bile pigments, and

cholesterin, are all present in the meconium. The distinct formation

of bile is an indication that the products of foetal metabolism are no

longer wholly carried off by the maternal circulation ; and to the

,

excretory function of the liver there are now added those of the skin

and kidney. The substances escaping by these organs find their way
into the allantois or into the amnion, according to the arrangement of

the foetal membranes in different classes of animals ; in both these

fluids urea representatives have been found as well as the ordinary

saline constituents; the latter may or may not have been actually

secreted. From the allantoic fluid of ruminants the body allantoin

has been obtained, and human and other amniotic fluids have been

found to contain urea.

About the middle of intra-uterine life, when the foetal circula-

tion is in full development, the blood flowing along the umbilical

vein is carried chiefly by the ductus venosus into the inferior vena

cava and so into the right auricle. Thence it is directed by the

valve of Eustachius through the foramen ovale into the left auricle,

passing from which into the left ventricle it is driven into the

aorta. Part of the umbilical blood, however, instead of passing

directly to the inferior cava, enters by the portal vein into the

hepatic circulation, from which it returns to the inferior cava

by the hepatic veins. The inferior cava also contains blood coming

from the lower limbs and lower trunk. Hence the blood which

passing from the right auricle into the left auricle through the

foramen ovale is distributed by the left ventricle through the

aortic arch, though chiefly blood coming direct from the placenta,

is also blood which on its way from the placenta has passed through

the liver and blood derived from the tissues of the lower part of

the body of the foetus. The blood descending as foetal venous

blood from the head and limbs by the superior vena cava does

not mingle with that of the inferior vena cava, but falls into

the right ventricle, from which it is discharged through the ductus

arteriosus (Botalli) into the aorta, below the arch, whence it flows

partly to the lower trunk and limbs, but chiefly by the umbilical

arteries to the placenta. A small quantity only of the contents

of the right ventricle finds its way into the lungs. Now the blood

which comes from the placenta by the umbilical vein direct into
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the right auricle is, as far as the foetus is concerned, arterial

blood ; and the portion of umbilical blood which traverses the liver

probably loses at this epoch very little oxygen during its transit

through that gland, the liver being at this period a simple excretory

rather than a secretory or metabolic organ. Hence the blood of the

inferior vena cava, though mixed, is on the whole arterial blood;

and it is this blood which is sent by the left ventricle through the

arch of the aorta into the carotid and subclavian arteries. Thus the

head of the foetus is provided with blood comparatively rich in

oxygen. The blood descending from the head and upper limbs

by the superior vena cava is distinctly venous; and this passing

from the right ventricle by the ductus arteriosus is driven along the

descending-aorta, and together with some of the blood passing from

the left ventricle round the aortic arch falls into the umbilical

arteries and so reaches the placenta. The foetal circulation then is

so arranged, that while the most distinctly venous blood is driven by
the right ventricle back to the placenta to be oxygenated, the most

distinctly arterial (but still mixed) blood is driven by the left ven-

tricle to the cerebral structures, which have more need of oxygen

than the other tissues. In the later stages of pregnancy the mixture

of the various kinds of blood in the right auricle increases prepara-

tory to the changes taking place at birth. But during the whole time

of intra-uterine life the amount of oxygen in the blood passing from

the aortic arch to the medulla oblongata is sufficient to prevent any
inspiratory impulses being originated in the medullary respiratory

centre. This during the whole period elapsing between the date of

its structural establishment, or rather the consequent full develop-

ment of its irritability, and the epoch of birth, remains dormant ; the

oxygen-supply to the protoplasm of its nerve-cells is never brought so

low as to set going the respiratory molecular explosions. As soon

however as the intercourse between the maternal and umbilical blood

is interrupted by separation of the placenta or by ligature of the um-
bilical cord, or when in any other way arterial blood ceases to find

its way by the left ventricle to the medulla oblongata, the supply of

oxygen in the respiratory centre sinks, and when the fall h^s reached

a certain point an impulse of inspiration is generated and the foetus

for the first time breathes. When this first inspiratory movement is

made, as under normal circumstances it is, with free access to air,

the lungs are expanded, and the scanty supply of blood which at the

moment was passing along the pulmonary artery from the right

ventricle returns to the left auricle brighter and richer in oxygen

than ever was the foetal blood before. With the diminution of re-

sistance in the pulmonary circulation caused by the expansion of the

lungs, a larger supply of blood passes into the pulmonary artery

instead of into the ductus arteriosus, and this derivation of the

contents of the right ventricle increasing with the continued respi-

ratory movements, the current through the latter canal at last ceases

altogether, and its channel shortly after birth becomes obliterated.
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Corresponding to the greater flow into the pulmonary artery, a larger

and larger quantity of blood returns from the pulmonary veins into

the left auricle. At the same time the current through the ductus
venosus from the umbilical vein having ceased, the flow from the
inferior cava has diminished ; and the blood of the right auricle

finding little resistance in the direction of the ventricle, which now
readily discharges its contents into the pulmonary artery (where as

we have seen (p. 119) the mean pressure and the peripheral resistance

are very low), but finding in the left auricle, which is continually

being filled from the lungs, an obstacle to its passage through
the foramen ovale, ceases to take that course, and the foramen
speedily becomes closed. Thus the foetal circulation, in consequence
of the respiratory movements to which its interruption gives rise,

changes its course into that characteristic of the adult.



CHAPTER lY.

PARTURITIOK

In spite of the increasing distension of its cavity, the uterus remains

quiescent, as far as muscular contractions are concerned, until a

certain time has been run. In the human subject the period of ges-

tation generally lasts from 275 to 280 days, i.e. about 40 weeks, the

general custom being to expect parturition at about 280 days from

the last menstruation. Seeing that, in many cases, it is uncertain

whether the ovum which developes into the embryo left the ovary at

the menstruation preceding or succeeding coitus, or, as some have

urged, independent of menstruation, by reason of the coitus itself, an

exact determination of the duration of pregnancy is impossible.

In the cow the period of gestation is about 280 days, in the mare about

350, sheep about 150 days, dog about 60 days, rabbit about 30 days.

The extrusion of the foetus is brought about, partly by rhythmical

contractions of the uterus itself, and partly by a pressure exerted by

the contraction of the abdominal muscles, similar to that described in

defsecation. The contractions of the uterus are the first to appear,

and their first effect is to bring about a dilation of the os uteri ; it

is not till the latter stages of labour, while the foetus is passing into

the vagina, that the action of the abdominal muscles is brought in.

The whole process of parturition may be broadly considered as a

reflex act, the. nervous centre being placed in the lumbar cord. In a

dog, whose dorsal cord had been completely severed (see p. 544), par-

turition took place as usual ; and the fact that, in the human sub-

ject, labour will progress quite naturally while the patient is uncon-

scious from the administration of chloroform, shews that in woman also

the whole matter is an involuntary action, however much it may be

assisted by direct volitional efforts. That the uterus is capable of

being thrown into contractions through reflex action, excited by
stimuli applied to various afferent nerves, is well known. The con-

traction of the uterus, which is so necessary for the prevention of

haemorrhage after delivery, may frequently be brought about by pres-

sure on the abdomen, by the introduction of foreign bodies into the

vagina, and especially by the application of the child to the nipple.

But we are not thereby justified in considering the rhythmical con-
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tractions of the uterus during parturition as simple reflex acts ex-

cited by the presence of the foetus. We are utterly in the dark as to

why the uterus, after remaining apparently perfectly quiescent (or with
contractions so slight as to be with difficulty appreciated) for months,
is suddenly thrown into action, and within it may be a few hours gets

rid of the burden it has borne with such tolerance for so long a time

;

none of the various hypotheses which have been put forward can be
considered as satisfactory. And until we know what starts the active

phase, we shall remain in ignorance of the exact manner in which
the activity is brought about. The peculiar rhythmic character of the

contractions, each 'pain' beginning feebly, rising to a maximum, then
declining, and finally dying away altogether, to be succeeded after a
pause by a similar pain just like itself, pain following pain hke the

tardy long-drawn beats of a slowly beating heart, suggests that the

cause of the rhythmic contraction is seated, like that of the rhythmic
beat of the heart, in the organ itself. And this view is supported by
the fact that contractions of the uterus, similar to those of par-

turition, have been observed in animals even after complete destruc-

tion of the spinal cord.

The action of the abdominal muscles, on the other hand, is ob-

viously a reflex act carried out by means of the spinal cord, the

necessary stimulus being supplied by the pressure of the foetus in the

vagina, or by the contractions of the uterus. Hence the whole act of

parturition may with reason be considered as a reflex one.

Whether the act be wholly a reflex or partly an automatic one,

it can readily be inhibited by the action of the central nervous sys-

tem. Thus emotions are a very frequent cause of the progress of

parturition being suddenly stopped ; as is well known, the entrance

into the bedroom of a stranger often causes for a time the sudden
and absolute cessation of 'labour' pains, which previously may have
been even violent. Judging from the analogy of micturition, be-

tween which and parturition there are many points of resemblance,

we may suppose that this inhibition of uterine contractions is brought
about by an inhibition of the centre in the lumbar cord.

Experimental investigations into the movements of the uterus have

been carried out chiefly on rabbits and dogs. In these animals, rhythmical

contractions may occur spontaneously or be induced by direct stimulation

after the connections of the uterus with the genei'al nervous system have

been entirely severed. The application of the interrupted current produces

a local contraction frequently accompanied or followed by a general move-
ment of the whole organ. This general movement may fail to make its

appearance especially in an unimpregnated uterus (and iiadeed the results

of stimulating the uterus whether directly or indirectly are for some reason

or other remarkably inconstant) ; where it does occur, it possesses, like an
artificially produced heart-beat (p. 141), characters resembling those of a

reflex act.

Rhythmical contractions of the uterus may be induced by directly

stimulating the spinal cord along any part of its course from the lumbar
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region to the medulla oblongata, as well in a reflex manner by stimulation

of the central ends of various spinal nerves \ Stimulation of the cere-

bellum, crura cerebri and other parts of the brain as high up as the corpora

striata and optic thalami, will also give rise to uterine contractions^.

Basch and Hofmann^ distinguish, in the dog, two paths along which
efferent impulses may pass from the central nervous system to the uterus

j

oae, a sympathetic tract, consisting of nerves passing from the inferior

mesenteric ganglion (lying in the dog at the extreme end of the aorta)

to the hypogastric plexus, and the othei', a spinal tract, consisting of

branches passing from the sacral nerves across the pelvis to the same
plexus, and being the representatives in the female of Eckhard's nervi

erigentes in the male, see p. 165. Stimulation of the former produces

contractions of the uterus chiefly cii'cular in nature, with descent of the

cervix, and dilation of the os ; when the latter are stimulated, the uterus is

shortened, as if by longitudinal contractions, the cervix ascends, and the os

is closed. Both nerves apparently may take part in a contraction brought
about in a reflex manner. When one tract is divided, the results of reflex

stimulation resemble those of direct stimulation of the other tx'act. When
both tracts are divided, stimulation of the central end of a spinal nerve,

such as the sciatic, is without effect. The sacral nerves sharing in this

spinal tract are branches from the first, second, and occasionally the third.

Cyon* however obtained no contractions of any kind on stimulating the

peripheral ends of the divided first and second sacral nerves, though reflex

contractions made their appearance when the central ends were stimulated.

Basch and Hofmann further assert that the sympathetic tract contains

vaso-constrictor and the spinal tract vaso-dilator nerves, both of which may
be thrown into action in a reflex manner, the former, however, more
readily than the latter. Whether connected or no with the central nervous

system, the uterus may be thrown into contractions by a deficiency of

oxygen or excess of carbonic acid in the blood. Hence when pregnant
animals are asphyxiated, an extrusion of the foetus frequently takes place.

There is no evidence however that the onset of labour is caused by a

gradual diminution of oxygen in the blood, reaching at last to a climax.

Nor are there sufficient facts to connect parturition with any condition

of the ovary resembling that of menstruation.

After the expulsion of the foetus, the foetal placenta separates

from the uterine walls, and is, together with the remnants of the
membranes, expelled after it. The uterus then falls into a firm tonic

contraction, similar to that of the emptied bladder, by which means
haemorrhage from the vessels torn by the separation of the placenta
is avoided. The lining membrane of the uterus is gradually restored,

the muscular elements are reduced by a rapid fatty degeneration,

and in a short time the whole organ has returned to its normal
condition.

1 Sehlesinger, Wien. Med. JarJib. i. (1873), Hft. 4. Cyon, Pfluger's Arcliiv, viii.

(1874), 349. Basch and Hofmann, Wien. Med. Jahrb. 1877, Hft. 4.

^ Korner, Studien Phys. Inst. Breslau, iii. 34.
3 Op. cit. * Op. cit.



CHAPTER y.

THE PHASES OF LIFE.

The child has at birth, on an average, rather less than one-third the

maximum length, and about one-twentieth the maximum weight, to

which in future years it will attain.

The composition of the body of the new-born babe, as compared
with that of the adult, will be seen from the following table\ in which
the details are more full than those given on p. 355 :
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specifically lighter in its earlier cartilaginous condition, maintaining
throughout life about the same relative weight.

The increase in stature is very rapid in early infancy, proceeding
however by decreasing increments. According to Quetelet\ there is

a gain in height of about 20 centimetres during the first year, the
50 cm. babe enlarging to the 70 cm. infant of one year old; of about
9 during the second, of about 7 during the third, of about 6|- for the
fourth, and so on, decreasing to rather below 6 for the succeeding ten
or twelve years. During, or about puberty, there is again a somewhat
sudden rise, with a subsequent more steady, but diminishing increase
up to about the twenty-fifth year. From thence to about fifty years
of age the height remains stationary, after which there may be a de-
crease, especially in extreme old age.

The increase in weight is also very rapid at first, and proceeding,
like the height, with diminishing increments, may continue till about
the fortieth year. After the sixtieth year a decline of variable ex-
tent is generally witnessed. It is a remarkable fact, however, that in

the first few days of life, so far from there being an increase, there is

an actual decrease of weight, so that, according to Quetelet, even on
the seventh day, the weight still continues to be less than at birth.

The saliva of the babe is active on starch, and its gastric juice has
good peptic powers, from which we may infer that its digestive pro-
cesses in general are identical with that of the adult ; but the fgeces

of the infant contain, besides a considerable quantity of undigested
food (fat, casein, &c.), unaltered bile-pigment, and undecomposed
bile-salts.

According to Hammarsten^ the gastric juice of new-born puppies,
though sufficiently acid to curdle milk, does not contain pepsin, or the
lactic acid ferment ; it is not till the third week that peptic digestion is set

up, the casein previously taken being digested by the pancreatic juice ; in
young rabbits it appears a week eai-lier. Like Zweifel^, Hammarsten how-
ever found pepsin in the stomach of the new-born babe. Zweifel states

that the pancreatic juice in children, while active on fat and proteids from
the first, is inert towards starch for the first two months ; and that the
amylolytic ferment is for the same period absent from the submaxillary,
though present in the parotid saliva.

The heart of the babe (see Table, p. 556) is, relatively to its body-
weight, larger than the adult, and the frequency of the heart-beat
much greater, viz. about 130 or 140 per minute, falling to about
110 in the second year, and about 90 in the tenth year. Corre-
sponding to the smaller bulk of the body, the whole circuit of
the blood system is traversed in a shorter time than in the adult

(1,2 seconds as against 22)*; and consequently the renewal of
the blood in the tissues is exceedingly rapid. The respiration of

1 Physique Sociale (1869), ii. p. 13.
2 Ludwig's Festgabe (1874), p. 116.
^ Untersuch. u. d. Verdaimngs apparat d. Neugebomcn, 1874.
^ Vierordt, op. cit.
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the babe is quicker than that of the adult, being at first about 35

per minute, falling to 28 iu the second year, to 26 in the fifth

year, and so onwards. The respiratory work, while it increases

absolutely as the body grows, is, relatively to the body-weight,

greatest in the earlier years. It is worthy of notice, that the ab-

sorption of oxygen is said to be relatively more active than the

production of carbonic acid ; that is to say, there is a continued accu-

mulation of capital in the form of a store of oxygen-holding explosive

compounds (see p. 286). This, indeed, is the striking feature of

infant metabolism. It is a metabolism directed largely to construc-

tive ends. The food taken represents, undoubtedly, so much potential

energy ; but before that energy can assume a vital mode, the

food must be converted into tissue ; and, in such a conversion, mor-
phological and molecular, a large amount of energy must be ex-

pended. The metabolic activities of the infant are more pronounced

than those of the adult, for the sake, not so much of energies which

are spent on the world without, but as of energies which are for a

while buried in the rapidly increasing mass of flesh. Thus the infant

requires over and above the wants of the man, not only an income of

energy corresponding to the energy of the flesh actually laid on, but

also an income corresponding to the energy used up in making that

living sculptured flesh out of the dead amorphous peptone sugar and

salts, which serve as food. Over and above this, the infant needs a

more rapid metabolism to keep up the normal bodily temperature.

This, which is no less, indeed slightly (•3°) higher, than that of the

adult, requires a greater expenditure, inasmuch as the infant with

its relatively far larger surface, and its extremely vascular skin, loses

heat to a proportionately much greater degree than does the grown

up man. It is a matter of common experience that children are

more affected by cold than are adults.

This I'apid metabolism is however not manifest immediately upon birth.

During the first few days, corresponding to the loss of weight mentioned

above, the respiratory activities of the tissues are feeble ; the embryonic

habits seem as yet not to have been completely thi^own off, and, as was

stated on p. 304, new-born auimals bear with impunity a deprivation

of oxygen, which woiild be fatal to them later on iu life.

The quantity of urine passed, though scanty in the first two days,

rises rapidly at the end of the first week, and in youth the quantity

of urine passed is, relatively to the body-weight, larger than in adult

life. This may be, at least in quite early life, partly due to the more

liquid nature of the food, but is also in part the result of the more

active metabolism. For not only is the quantity of urine passed, but

also the amount of urea and some other urinary constituents excreted,

relatively to the body-weight, greater in the child than in the adult.

The presence of uric, of oxalic, and according to some, of hippuric

acids in unusual quantities is a frequent characteristic of the urine of

children. It is stated that calcic phosphates, and indeed the phos-
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phates generaUy, are deficient, being retained in the body for the
building up of the osseous skeleton.

Associated probably with these constructive labours of the grow-
ing frame is the prominence of the lymphatic system. Not only are

the lymphatic glands largely developed and more active (as is pro-

bably shewn by their tendency to disease in youth), but the quantity
of lymph circulation is greater than in later years. Characteristic

of youth is the size of the thymus body, which increases up to the
second year, and may then remain for a while stationary ; but gene-
rally before puberty, has suffered a retrogressive metamorphosis, and
frequently hardly a vestige of it remains behind. The thyroid body
is also relatively greater in the babe than in the adult; the spleen,

on the otlier hand, which grows rapidly in early infancy, is not only
absolutely, but also relatively, greater in the adult. It need hardly
be said that the recuperative power of infancy and early youth is

very marked.
It would be beyond the scope of this work to enter into the

psychical condition of the babe or the child, and our knowledge
of the details of the working of the nervous system in infancy
is too meagre to permit of any profitable discussion. It is hardly
of use to say that in the young the whole nervous system is

more irritable or more excitable than in later years ; by which
we probably to a great extent mean that it is less rigid, less

marked out into what, in preceding portions of this work, we have
spoken of as nervous mechanisms. It may be mentioned that,

according to Soltmann\ stimulation of Hitzig's cerebral areas, in

new-born animals, does not give rise to the usual localised move-
ments. - The sense of touch, both as regards pressure and tem-
perature, appears well developed in the infant as does also the
sense of taste, and possibly, though this is disputed, that of smell.

The pupil (larger in the infant than in the man) acts fully, and
Bonders '^ observed normal binocular movements of the eyes in an
infant less than an hour old. The eye is (in man) from the outset

fully sensitive to light, though of course visual perceptions are

imperfect. As regards hearing, on the other hand, very little

reaction follows upon sounds, i.e. auditory sensations seem to be
dull during the first few days of life ; this may be partly at least

due to absence of air from the tympanum and a tumid condition

of the tympanic mucous membrane. As the child grows up his

senses rapidly culminate, and in his early years he possesses a
general acuteness of sight, hearing, and touch, which frequently

becomes blunted as his psychical life becomes fuller. Children

however are said to be less apt at distinguishing colours than in

sighting objects ; but it does not appear whether this arises from
a want of perceptive discrimination or from their being actually

less sensitive to variations in hue. A characteristic of the nervous

1 Centrhlt. Med. Wiss. 1875, p. 209. Jahrb. f. Kinderheilkunde ix. (1875) 106.
2 Pfiiiger's Archiv, xiii. (1876), p. 384.
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system in childhood, the result probably of the more active meta-
bolism of the body, is the necessity for, long or frequent and deep
slumber.

Dentition marks the first epoch of the new life. At about seven
months the two cerebral incisors of the lower jaw make their way
through the gum, followed immediately by the corresponding teeth

in the upper jaw. The lateral incisors, first of the lower and then
of the uTpper jaw, appear at about the ninth month, the first molars

at about the twelfth month, the canines at about a year and a half,

and the temporary dentition is completed by the appearance of the

second molars usually before the end of the second year.

About the sixth year the permanent dentition commences by
the appearance of the first permanent molar beyond the second

temporary molar; in the seventh year the central permanent
incisors replace their temporary representatives, followed in the
next year by the lateral incisors. In the ninth year the tempo-
rary first molars are replaced by the first bicuspids, and in the

tenth year the second temporary molars are similarly replaced by
the second bicuspids. The canines are exchanged about the ele-

venth or twelfth year and the second permanent molars are cut

about the twelfth or thirteenth year. There is then a long pause,

the third or wisdom tooth not making its appearance till the

seventeenth, or even twenty-fifth year, or in some cases not ap-

pearing at all.

Shortly after the conclusion of the permanent dentition (the

wisdom teeth excepted) the occurrence of puberty marks the be-

ginning of a new phase of life ; and the difference between the sexes,

hitherto merely potential, nov/ becomes functional. In both sexes the

maturation of the generative organs is accompanied by the well-known
changes in the body at large ; but the events are much more cha-

racteristic in the typical female than in the aberrant male. Though
in the boy, the breaking of the voice and the rapid growth of the

beard which accompany the appearance of active spermatozoa, are

striking features, yet they are after all superficial. The curves of

his increasing weight and height, and of the other events of his

economy, j)ursue for a while longer an unchanged course ; the boy
does not become a man till some years after puberty; and the decline

of his functional manhood is so gradual that frequently it ceases only

when disease puts an end to a ripe old age. With the occurrence of

menstruation, on the other hand, at from thirteen to seventeen years

of age, the girl almost at once becomes a woman, and her functional

womanhood ceases suddenly at the climacteric in the fifth de-

cennium. And during the whole of the child-bearing period her

organism is in a comparatively stationary condition. While just

before the age of puberty, at about the twelfth year, the girl is

growing at nearly the same rate , as the boy, her curve of weight
rises more rapidly about puberty, but from the nineteenth year on-

ward to the climacteric, remains stationary, being followed subse-
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quently by a late increase, so that while the man reaches his

maximum of weight at about forty, the woman is at her greatest

weight at about fifty\

Of the statical differences of sex, some, such as the formation of

the pelvis, and the costal mechanism of respiration, are directly

connected with the act of child-bearing, while others have only an
indirect relation to that duty ; and indications at least of nearly all

the characteristic differences are seen at birth. The baby boy is

heavier and taller than the baby girl, and the maiden of five breathes

with her ribs in the same way as does the matron of forty. The
woman is lighter and shorter than the man, the limits in the case of

the former being from 1*444 to 1'740 metres of height and from
39-8 and 93-8 kilos of weight, in the latter from 1-467 to 1-890 of

height, and from 49-1 to 98*5 kilos of weight^ The muscular system
and skeleton are both absolutely and relatively less in woman, and
her brain is lighter and smaller than that of man, being about 1272
grammes to 1424. Her metabolism, as measured by the respiratory

and urinary excreta, is also not only absolutely but relatively to the
body-weight less, and her blood is not only less in quantity but also

of lighter specific gravity and contains a smaller proportion of red
corpuscles. Her strength is to that of man as about 5 to 9, and the
relative length of her step as 1000 to 1157.

From birth onward (and indeed from early intra-uterine life) the
increment of growth progressively diminishes. At last a point is

reached at which the curve cuts the abscissa line, and the increment
becomes a decrement. After the culmination of manhood at forty

and of womanhood at the climacteric, the prime of life declines into

old age. The metabolic activity of the body, which at first was
sufiicient not only to cover the daily waste, but to add new material,

later on is able only to meet the daily wants, and at last is too

imperfect even to sustain in its entirety the existing frame. Neither
as regards vigour and functional capacity, nor as regards weight and
bulk, do the turning-points of the several tissues and organs coincide

either with each other or with that of the body at large. We have
already seen that the life of such an organ as the thymus is far

shorter than that of its possessor. The eye is in its dioptric prime in

childhood, when its media are clearest and its muscular mechanisms
most mobile, and then it for the most part serves as a toy ; in later

years, when it could be of the greatest service to a still active brain,

it has already fallen into a clouded and rigid old age. The skeleton

reaches its limit very nearly at the same time as the whole frame
reaches its maximum of height, the coalescence of the various epi-

physes being pretty well completed by about the twenty-fifth year.

Similarly the muscular system in its increase tallies with the weight
of the whole body. The brain, in spite of the increasing complexity
of structure and function to which it continues to attain even in

1 Queletet op. cit. ' Queletet op. cit. ir. p. 89.

F. P. 3G
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middle life, early reaches its limit of bulk and weight. At about

seven years of age it attains what may be considered as its first limit,

for though it may increase somewhat up to twenty, thirty, or even later

years, its progress is much more slow after than before seven. The
vascular and digestive organs as a whole may continue to increase

even to a very late period. From these facts it is obvious that

though the phenomena of old age are, at bottom, the result of the

individual decline of the several tissues, they owe many of their

features to the disarrangement of the whole organism produced by
the premature decay or disappearance of one or other of the con-

stituent bodily factors. Thus, for instance, it is clear that were there

no natural intrinsic limit to the life of the muscular and nervous

systems, they would nevertheless come to an end in consequence of

the nutritive disturbances caused by the loss of the teeth. And what
is true of the teeth is probably true of many other organs, with the

addition that these cannot, like the teeth, be replaced by mechanical

contrivances. Thus the term of life which is allotted to a muscle by
virtue of its molecular constitution, and which it could not exceed

were it always placed under the most favourable nutritive conditions,

is, in the organism, determined by the similar life-terms of other

tissues ; the future decline of the brain is probably involved in the

early decay of the thymus.

Two changes characteristic of old age are the so-called calcareous

and fatty degenerations. These are seen in a completely typical

form in cartilage, as, for instance, in the ribs ; here the protoplasm of

the cartilage-corpuscle becomes hardly more than an envelope of

fat globules, and the supple matrix is rendered rigid with amorphous
deposits of calcic phosphates and carbonates, which are at the same
time the signs of past, and the cause of future nutritive decline.

And what is obvious in the case of cartilage is more or less evident

in other tissues. Everywhere we see a disposition on the part of

protoplasm to fall back upon the easier task of forming fat rather

than to carry on the more arduous duty of manufacturing new
material like itself; everywhere almost we see a tendency to the

replacement of a structured matrix by a deposit of amorphous
material. In no part of the system is this more evident than in

the arteries ; one common feature of old age is the conversion by
such a change of the supple elastic tubes into rigid channels, whereby
the supply to the various tissues of nutritive material is rendered

increasingly more difficult, and their intrinsic delay proportionately

hurried.

Of the various tissues of the body the muscular and nervous

are however those in which functional decline, if not structural decay,

becomes soonest apparent. The dynamic coefficient of the skeletal

muscles diminishes rapidly after thirty or forty years of life, and a
similar want of power comes over the plain muscular fibres also;

the heart, though it may not diminish, or even may still increase

in weight, possesses less and less force, and the movements of the
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intestine, bladder, and other organs, diminisli in vigour. In the

nervous system, the lines of resistance, which, as we have seen, help

to map out the central organs into mechanisms, and so to produce its

multifarious actions, become at last hinderances to the passage of ner-

vous impulses in any direction, while at the same time the molecular

energy of the impulses themselves becomes less. The eye becomes
feeble, not only from cloudiness of the media and presbyopic

muscular inability, but also from the very bluntness of the retina

;

the sensory and motor impulses pass with increasing slowness to

and fro, the central nervous system and the brain becomes a more
and more rigid mass of protoplasm, the molecular lines of which rather

mark the history of past actions than serve as indications of present

potency. TDhe epithelial glandular elements seem to be those whose
powers are the longest preserved, and hence the man who in

the prime of his manhood was a 'martyr to dyspepsia' by reason

of the sensitiveness of his gastric nerves and the reflex inhibitory

and other results of their irritation, in his later years, when his

nerves are blunted, and when therefore his peptic cells are able to

pursue their chemical work undisturbed by extrinsic nervous worries,

eats and drinks with the courage and success of a boy.

Within the range of a lifetime are comprised many periods of

a more or less frequent recurrence. In spite of the aids of a com-
plex civilisation, all tending to render the conditions of his life more
and equable, man still shews in his economy the effects of the

seasons. Some of these are the direct results of varying tempera-
ture, but some probably, such as the gain of weight in winter and
the loss in summer, are habits acquired by descent. Within the
year, an approximately monthly period is manifested in the female
by menstruation, though there is no exact evidence of even a latent

similar cycle in the male. The phenomena of recurrent diseases,

and the marked critical days of many other maladies, point to cycles

of smaller duration than that of the moon's revolution, for it seems
probable that in these cases the recurrence is to be attributed rather

to variations in the medium of the disease, than to periodical phases
in the disease-producing germ itself.

Prominent among all other cyclical events is the fact that all

animals possessing a well-developed nervous system, must, night
after night, or day after day, or at least time after time, lay them
down to sleep. The salient feature of sleep is the cessation of the

automatic activity of the brain ; it is the diastole of the cerebral

beat. But the condition is not confined to the cerebral hemispheres

;

all parts of the body either directly or indirectly take share in it.

The phenomena of sleep are perhaps seen in their simplest form in

the winter-sleep or hybernation, to which especially cold-blooded

animals, but also to some extent warm-blooded animals are subject.

In these cases the cold of winter slackens the vibrations and lessens

the explosions of the protoplasm, not only of nervous bat also of

muscular and glandular structures ; indeed the activity of the whole

36—2
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body is lowered, in some respects almost to actual arrest. At the

same time that the labour of the cerebral molecules becomes insuffi-

cient to develope consciousness, the respiratory centre is either wholly

quiescent or discharges feeble impulses at rare intervals, and the

heart beats with a slow infrequent stroke, not by reason of any

inhibitory restraint, but because its very substance in its slow

molecular travail can gather head for explosions only after long

pauses of rest. And such few and distant beats as do occur are

amply sufficient to meet the needs of the feeble metabolism of the

several tissues. The sleep of every day differs from the sleep of

winter-cold chiefly because the slackening of molecular activities is

due in the former not to extrinsic but to intrinsic causes, not to

changes in the medium, but to exhaustion of the subject, and because

the phenomena are largely confined to the cerebral hemispheres.

It is true that the whole body shares in the condition ; the pulse

and breathing are slower, the intestine and other internal muscular

mechanisms are more or less at rest, the secreting organs are less

active, and the whole metabolism and the dependent temperature

of the body are lowered ; but we cannot say at present how far these

are the indirect results of the condition of the nervous system, or

how far they indicate a partial slumbering of the several tissues.

We are not at present in a position to trace out the events which
culminate in this inactivity of the cerebral structures. It has been

urged ^ that during sleep the brain is anaemic; but even if this

ansemia is a constant accompaniment of sleep, it must, like the

vascular condition of a gland or any other active organ, be regarded

as an effect, or at least as a subsidiary event rather than as a primary

cause. The explanation of the condition is rather to be sought in

purely molecular changes ; and the analogy between the systole and
diastole of the heart, and the waking and sleeping of the brain, may
be profitably pushed to a very considerable extent. The sleeping

brain in many respects closely resembles a quiescent but still living

ventricle. Both are as far as outward manifestations are concerned

at rest, but both may be awoke to activity by an adequately powerful

stimulus. Both, though quiescent are irritable, in both the quies-

cence will ultimately give place to activity, and in both an appro-

priate stimulus applied at the right time will determine the change
from rest to action. Just as a single prick will under certain circum-

stances awake a ventricle, which for some seconds has been motion-

less, into a rhythmic activity of many beats, so a loud noise will

start a man from sleep into a long day's wakefulness. And just

as in the heart the cardiac irritability is lowest at the beginning of

the diastole and increases onwards till a beat bursts out, so is sleep

deepest at its commencement after the day's labour ; thence onward
slighter and slighter stimuli are needed to wake the sleeper.

1 Dnrlmm, Gmfs Hospital Reports, Vol. vi. 1860.
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KohlscMttei-^ judging of the depth of ordinary nocturnal sleep by the
intensity of the noise required to wake the sleeper, concludes that, increas-

ing very rapidly at first, it reaches its maximum within the first hour

;

from thence it diminishes, at first rapidly, but afterwards more slowly. At
the end of an hour and a half it falls to one-fourth, at the end of two hours
to one-eighth of its maximal intensity, and thence onward diminishes with
gi'adually diminishing decrements.

We cannot at present make any definite statements concerning
the nature of the molecular changes which determine this rhythmic
rise and fall of cerebral irritability. Preyer^ leaning towards the
view that the accumulation of the products of protoplasmic activity

may become in the end an obstruction to that activity, has been led
to think that the presence of lactic acid, one of the products cer-

tainly of muscular and probably of nervous metabolism, tends to

produce sleep; but this is doubtful. The suggestion of Pfliiger',

that the diminution of irritability, and consequent suspension of
automatism, is dependent on the exhaustion of the store of intra-

molecular oxygen (p. 286), is more worthy of attention.

As was previously stated (p. 371), there is at present at least no satis-

factory evidence that the assumption of oxygen is directly dependent on
the time of day, the striking i-esult obtained by Pettenkofer and Yoit there
quoted not being corroborated by subsequent trials*. The hypothesis of
Pfliiger, therefore, unless subsequent researches reinstate Pettenkofer and
Voit's first view, needs an addition to explain how it is that the store of
intramolecular oxygen becomes exhausted in the nervous system. Henke*
had previously put forward a not wholly unlike hypothesis, as had also

Sommer",

The phenomena of sleep shew very clearly to how large an extent

an apparent automatism is the ultimate outcome of the effects of

antecedent stimulation^. When we wish to go to sleep we withdraw
our automatic brain as much as possible from the influence of all

extrinsic stimuli ; and an interesting case is recorded® of a lad whose
connection with the external world was, from a complicated anass-

thesia, limited to that afforded by a single eye and a single ear,

and who could be sent to sleep at will, by closing the eye and stop-

ping the ear.

The cycle of the day is however manifested in many other ways
than by the alternation of sleeping and waking, with all the in-

direct effects of these two conditions. There is a diurnal curve of

temperature (see p. 379) apparently independent of all immediate

1 Zeitschr. f. Eat. Med. xvii. (1862) p. 209, xxxiv. (1869) p. 42.
2 Centralblatt f. Med. Wiss. 1875, p. 577. Ueher die Ursaclie des Schlafes, 1S77.
3 Pfliiger's Archiv, x. (1875) p. 468.
* Sitzungshericht. Acad. Wiss. Miinchen, 1866—67.
5 Zeitschr. f. Rat. Med. xiv. (1861) p. 363.
s Zeitschr. f. Rat. Med. xxxiii. (1868).
7 Cf. Heubel. Pfluger's Archiv, xiv. (1877) 153.
8 Pfliiger's Archiv, xv. (1877) p. 573.
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circumstances, the hereditary impress of a long past sequence of

days and nights. Even the pulse, so sensitive of all bodily changes,

shews, running through all the immediate effects of the changes
of the minute and the hour, the working of a diurnal influence

which cannot be accounted for by waking and sleeping, by working
and resting, by meals and abstinence between meals. And the same
may be said concerning the rhythm of respiration, and the products

of pulmonary, cutaneous and urinary excretion. There seems to be
a daily curve of bodily metabolism, which is not the product of the

day's events. Within the day we have the narrower rhythm of the

respiratory centre with the accompanying rise and fall of activity

in the vaso-motor centres. And lastly, as the fundamental fact of all

bodily periodicity is that alternation of the heart's systole and diastole

which ceases only at death. Though, as we have seen, the inter-

mittent flow in the arteries is toned down in the capillaries to an
apparently continuous flow, still the constantly repeated cycle of the
cardiac shuttle must leave its mark throughout the whole web of the
body's life. Our means of investigation are, however, still too gross to

permit us to track out its influence. Still less are we at present in

a position to say how far the fundamental rhythm of the heart itself,

that rhythm which is influenced, but not created by the changes of

the body of which it is the centre, is the result of cosmical changes,

the reflection as it were in little of the cycles of the universe, or how
far it is the outcome of the inherent vibrations of the molecules which
make up its substance.



CHAPTER VI.

DEATH.

When the animal kingdom is surveyed from a broad stand-point, it

becomes obvious that the ovum, or its correlative the spermatozoon, is

the goal of an individual existence : that life is a cycle beginning in

an ovum and coming round to an ovum again. The greater part of

the actions which, looking from a near point of view at the higher

animals alone, we are apt to consider as eminently the purposes for

which animals come into existence, when viewed from the distant

outlook whence the whole living world is surveyed, fade away into

the likeness of the mere byplay of ovum-bearing organisms. The
animal body is in reality a vehicle for ova ; and after the life of the

parent has become potentially renewed in the offspring, the body
remains as a cast-off envelope whose future is but to die.

Were the animal frame not so complicated a machine as it is,

death might come as a simple and gradual dissolution, the ' sans

everything' being the last stage of the successive loss of fundamen-
tal powers. As it is, however, death is always more or less violent

;

the machine comes to an end by reason of the disorder caused by the

breaking down of one of its parts. Life ceases not because the mole-

cular powers of the whole body slacken and are lost, but because

a weakness in one or other part of the machinery throws its whole

working out of gear.

We have seen that the central factor of life is the circulation

of the blood, but we have also seen that blood is not only useless,

but injurious, unless it be duly oxygenated; and we have further

seen that in the higher animals the oxygenation of the blood can

only be duly effected by means of the respiratory muscular mechan-
ism, presided over by the medulla oblongata. Thus the life of a

complex animal is, when reduced to a simple form, composed of three

factors : the maintenance of the circulation, the access of air to the

haemoglobin of the blood, and the functional activity of the respira-

tory centre ; and death may come from the arrest of either of these.

As Bichat put it, death takes place by the heart or by the lungs or

by the brain. In reality, however, when we push the analysis further,

the central fact of death is the stoppage of the heart, and the conse-

quent arrest of the circulation ; the tissues then all die, because they
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lose their internal medium. The failure of the heart may arise in

itself, on account of some failure in its nervous or muscular elements,

or by reason of some mischief affecting its mechanical working. Or
it may be due to some fault in its internal medium, such for instance

as a want of oxygenation of the blood, which in turn may be caused

by either a change in the blood itself, as in carbonic oxide poisoning,

or by a failure in the mechanical conditions of respiration, or by a

cessation of the action of the respiratory centre. The failure of this

centre, and indeed that of the heart itself, may be caused by nervous
influences proceeding from the brain, or brought into operation by
means of the central nervous system ; it may, on the other hand,

be due to an imperfect state of blood, and this in turn may arise

from the imperfect or perverse action of various secretory or other

tissues. The modes of death are in reality as numerous as are the

possible modifications of the various factors of life ; but they all

end in a stoppage of the circulation, and the withdrawal from the

tissues of their internal medium. Hence we come to consider the

death of the body as marked by the cessation of the heart's beat, a
cessation from which no recovery is possible ; and by this we are

enabled to fix an exact time at which we say the body is dead.

"We can, however, fix no such exact time to the death of the indi-

vidual tissues. They are not mechanisms, and their death is a
gradual loss of power. In the case of the contractile tissues, we have
in rigor mortis an apparently fixed term, by which we can mark the

death of the muscles. If we admit that after the onset of rigor

mortis recovery of irritability is impossible, then a rigid muscle is one
permanently dead. In the case of the other tissues, we have no such
objective sign, since the rigor mortis of simple protoplasm manifests

itself chiefly by obscure chemical signs. And in all cases it is ob-

vious that the possibility of recovery, depending as it does on the
skill and knowledge of the experimenter, is a wholly artificial sign of

death. Yet we can draw no other sharp line between the seemingly
dead tissue whose life has flickered down into a smouldering ember
which can still be fanned back again into flame, and the ao-greo-ate of

chemical substances into which the decomposing tissue crumbles.

Moreover, the failure of the heart is at bottom loss of irrita-

bility, and the possibility of recovery here also rests, as far as is

known at present, on the skill and knowledge of those who attempt
to recover. So that after all the signs of the death of the whole body
are as artificial as those of the death of the constituent tissues.
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ON THE CHEMICAL BASIS OF THE ANIMAL BODY.

Native protoplasm, wlienever it can be obtained in sufficient quantity for

cbemical analysis, is found to contain representatives of ttree large classes

of chemical substances, viz. proteids, carbobydi-ates and fats, in association

with smaller quantities of various saline and other crystalline bodies. By
proteids are meant bodies containing carbon, oxygen, hydrogen and nitrogen

in a cei-tain proportion, varying within narrow limits, and having certain

general featm^es; they are frequently spoken of as albuminoids. By car-

bohydrates are meant starches and sugars and their allies. Of these three

classes of bodies, the proteids form the chief mass of ordinaiy protoplasm,

but fats and carbohydrates are never wholly absent. To obtain evidence

of the presence of any one of them in living protoplasm we are obliged to

submit the protoplasm to destructive analysis. We do not at present

know anything definite about the molecular composition of active living

protoplasm; but it is more than probable that its molecule is a large

complex one in which a proteid substance is peculiarly associated with a

complex fat and with some representative of the carbohydi-ate group, i.e.

that each molecule of protoplasm contains residues of each of these three

great classes.

The whole animal body is modified protoplasm. Consequently when

we examine the various tissues and fluids from a chemical point of view,

we find present in difierent places, or at different times, several varieties

and derivatives of the three chief classes ; we find many forms of proteids

and derivatives of proteids in the forms of gelatine, chondrin, &c. ; many

varieties of fats; and several kinds of carbohydrates.

We find moreover many other bodies which we may regard as stages

in the constructive or destructive metabolism of both native and differen-

tiated protoplasm, and which are important not so much from the quantity

in which they occur in the animal body at any one time as from their

throwing light on the nature of animal metabolism; these are such bodies

as urea, lactic acid, and the extractives in general.
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In the £ollo\sdng pages tlie cliemical features of tlie more important of

these various substances which are known to occur in the animal body will

be briefly considered, such characters only being described as possess or

promise to possess physiological interest. The physiological function of

any substance must depend ultimately on its molecular (including its

chemical) nature; and though at present our chemical knowledge of the

constituents of an animal body gives us but little insight into their

physiological properties, it cannot be doubted that such chemical in-

formation as is attainable is a necessary preliminary to all physiological

study.

PROTEIDS.

These form the priacipal solids of the muscular, nervous, and glandular

tissues, of the serum of blood, of serous fluids, and of lymph. In a healthy

condition, sweat, tears, bile and urine contaia mere traces, if any, of

proteids. Their general percentage composition may be taken as

0. H. N. C. S.

From 20-9 6-9 15-2 51-5 0-3

to 23-5 to 7-3 to 17-0 to 54-5 to 2-0

(Hoppe-Seyler\)

These figures are obtained from a consideration of numerous analyses, slight

differences in the various results being immaterial, where the purity of the substance

operated upon cannot be definitely determined.

In addition to the above constituents, proteids leave on ignition a variable quantity

of ash. In the case of egg-albumin the principal constituents of the ash are chlorides

of sodium and potassium, the latter greatly exceeding the former in amount. The
remainder consists of sodium and potassium, in combination with phosphoric, sul-

l^huric, and carbonic acids, and very small quantities of calcium, magnesium and iron,

in union with the same acids. There is also a trace of silica'^. The ash of serum-

albumin contains an excess of sodium chloride, but the ash of the proteids of muscle

contains an excess of potash salts and phosphates. The nature of the connection of

the ash with the proteid is still a matter of obscurity. Globin from haamoglobin is

free fi'om ash.

Proteids are all amorphous; some are soluble, some insoluble in water,

and all are for the most part insoluble iia alcohol and sether ; they are all

soluble in strong acids and alkalis, but in becoming dissolved mostly undergo

decomposition. Their solutions possess a left-handed rotatory action on the

plane of polarisation, the amount depending on various circumstances, and

being, with one exception, viz. peptones, changed by heating.

1 Ildh. PJnjs. Path. Chcm. Anal. Ed. iv. (1875) p. 223.
2 Bee Gmehu, Ubd, Org. Chem. Bd, viii, p. 285.
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Their presence may be detected by tlie following tests.

1. Heated with, strong nitric acid, they turn yellow, and this colour

is, on the addition of ammonia, changed to a deep orange hue. (Xantho-

proteic reaction.)

2. With Millon's reagent they give, when present in sufficient quantity,

a precipitate, which, with the supernatant fluid, turns red on heating. If

they are only present in traces, no precipitate is obtained, but merely

the red colouration.

3. "With caustic soda solution, and one or two drops of a solution of

cupric sulphate, a violet colour is obtained, which deepens on boiling.

The above serve to detect the smallest traces of proteids. The two

following tests may be used when there is more than a trace present.

4. Render the fluid strongly acid with acetic acid, and add a few

drops of a solution of ferrocyanide of potassium; a precipitate shews the

presence of proteids.

5. [Render the fluid, as befoi'e, strongly acid with acetic acid, add an

equal volume of a concentrated solution of sodium sulphate, and boil. A
precipitate is formed if proteids are present.

This last reaction is useful, not only on accountof its exactness, but also because

the reagents used produce no decomposition of other bodies which may be present

;

and hence after filtration the same fluid may be further analysed for other sub-

stances. Additional methods of freeing a solution from proteids are : acidulating

with acetic acid and boiling, aToidiug any excess of the acid
; precipitation by excess

of alcohol ; in the latter case the solution must be neutral or faintly acid. Hoppe-

Seyler^ recommends the emplojTuent of a saturated solution of freshly precipitated

ferric oxide, in acetic acid.

Proteids may be very conveniently divided into Classes.

Class I. Native Albumins.

Members of this class, as their name implies, occur in a natural con-

dition in animal tissues and fluids. They are soluble in water, are not

precipitated by very dilute acids, by carbonates of the alkalis, or by sodium

chloride. They are coagulated by heating to a temperature of about 70".

If dried at 40°, the resulting mass is of a pale yellow colour, easily friable,

tasteless, and inodorous.

1. Egg-albumin.

Forms in aqueous solution a neutral, transparent, yellowish fluid.

From this it is precipitated by excess of strong alcohol. If the alcohol be

rapidly removed the precipitate may be readily redissolved in water; if

1 Ojj. cit. p. 227.
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subjected to lengthier action a coagulation occurs, and the albumin is then

no longer thus soluble. Strong acids, especially nitric acid, cause a coagula-

tion similar to that produced by heat or by the prolonged action of alcohol
;

the albumin becomes profoundly changed by the action of the acid and

does not dissolve upon removal of the acid. Mercuric chloride, silver

nitrate, and lead acetate, precipitate the albumiu without coagulation;

on removal of the precipitant the precipitate may be redissolved.

Strong acetic acid in excess gives no precipitate, but when the solution

is concentrated transforms it into a transparent jelly. A similar jelly is

produced when strong caustic potash is added to a concentrated solution of

eo'w-albumin. In both these cases the substance is profoundly altered.

The specific rotatory power of egg-albumin in aqueous solution is, for

yellow light, -35-5°. Hydrochloric acid, added until the reaction is strongly

acid, increases this rotation to -37-7°. The formation of the gelatinous

compound with caustic potash is at first accompanied with an increase, but

this is followed by a decrease of rotation.

Preparation. "White of hen's egg is broken up with scissors into small

pieces, diluted with an equal bulk of water, and the mixture shaken

strongly in a flask till quite frothy; on standing, the foam rises to the top,

and carries all the fibres in whose meshwork the albumin was contained.

The fluid, from which the foam has been removed, is strained, and treated

carefully with dilute acetic acid as long as any precipitate is formed;

the precipitate is then filtered off, and the filtrate after neutralisation con-

centrated at 40° to its original bulk.

2. Serum-alhmnin.

This form of albumin resembles, to a great extent, the one previously

described. The following may suffice as distinguishing features.

1. The specific rotation of serum-albumin is —50°; that of egg-

albiimiu is - 35 •5'', both measured for yellow light.

2. Serum-albumin is not coagulated by sether, egg-albumin is.

3. Serum-albumin is not very readily precipitated by strong hydro-

chloric acid, and such precipitate as does occur is readily redissolved on

further addition of the acid; the exact reverse of these two features holds

icood for egg-albumin.

4. Precipitated or coagulated serum-albumin is readily soluble, egg-

albumin is with difficulty soluble, in strong nitric acid.

Serum-albumin is found not only in blood-serum, but also in lymph,

both that contained in the proper lymphatic channels and that diffused

in the tissues, in chyle, milk, transudations, and many pathological fluids.
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It is this form whicli albumin generally assumes when it appears in the

urine.

In addition to the above, Scherer^ has described two closely related bodies, to which

he gives tlie names Paralbumin and Metalbumin, The first he obtained from ovarian

cysts ; its alkaline solutions are remarkable for being very ropy. It seems doubtful

whether tbis body is a proteid ; it differs sensibly in composition from these. Haerlin ^

gives as its composition, 0. 26-8, H. 6-9, N. 12-8, C. 51-8, S. 17 p. c. It seems to be

associated with some body like glycogen, capable of being converted into a substance

giving the reactions of dextrose. Metalbumin, found in a dropsical fluid, resembles the

preceding, but is however not precipitated by hydrochloric acid, or by acetic acid and

ferrocyanide of potassium ; it is precipitated, but not coagulated, by alcohol ; its

solution is scarcely coagulated on boiling.

Albumins are generally found associated with small but definite

amounts of saline matter. A. Schmidt^ says that they may be freed from

these by dialysis, and that they are then not coagulated on boiling. From

this it might be inferred that the albumin and the saline matters were

peculiarly related, and that the latter played some special part during the

coagulation of the former by heat. Schmidt's observations however have

not been conclusively corroborated by subsequent observers.

Class II. Derived Albumins {Albuminates).

1. Acid-albumin.

When a native albumin in solution, such as serum-albumin, is treated'

for some little time with a dilute acid such as hydrochloric, its properties

become entirely changed. The most marked changes are (1) that the

solution is no longer coagulated by heat
; (2) that when the solution is

carefully neutralized the whole of the proteid is thrown down as a pi'e-

cipitate; in other words, the serum-albumin which was soluble in water,

or at least in a neutral fluid containing only a small quantity of neutral

salts, has become converted into a substance insoluble in water or in

similar neutral fluids. The body into which serum-albumin thus becomes

converted by the action of an acid is spoken of as acid-albumin. Its

characteristic features are that it is insoluble in distilled water, and

in neutral saline solutions, such as those of sodium chloride, that it

is readily soluble in dilute acids or dilute alkalis, and that its solutions

in acids or alkalis are not coagulated by boiling. When suspended,

in the xmdissolved state, in water, and heated to 70°, it becomes coagulated,

and is then undistinguishable from coagulated serum-albumin, or indeed

from any other form of coagidated proteid. It is evident that the sub-

1 Ann. der Chem. und Pharm. Bd. 82, p. 135.
2 Chem. Centralblatt, 1862. No. 56.

3 Pfliiger's Archiv xi. (1875), p. 1.
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stance wlien in solution in a dilute acid is in a different condition from

that in wMch it is when precipitated by neutralisation. If a quantity

of serum- or egg-albumin be treated -with dilute hydrochloric acid, it will be

found that the conversion of the native albumia into acid-albumia is

gradual; a specimen heated to 70" immediately after the addition of the

dilute acid, will coagulate almost as usual; and another specimen taken

at the same time will give hardly any precipitate on neutralisation. Some

time later, the interval depending on the proportion of the acid to the albu-

min, on temperature, and on other circumstances, the coagulation will be

less, and the neutralisation precipitate will be considerable. Still later the

coagulation will be absent, and the whole of the proteid will be thrown

down on neutralisation.

If finely-chopped muscle, from which the soluble albumins have been

removed by repeated washing, be treated for some time with dilute

(•4 per cent.) hydrochloric acid, the greater part of the mu.scle is dissolved.

The transparent acid filtrate contains a large quantity of pi'oteid material

in a form which, in its general characters at least, agrees with acid-

albumia. The acid solution of the proteid is not coagulated by boiling,

but the whole of the proteid is precipitated on neutraKsation ; and the

precipitate, insoluble in neutral sodium chloride solutions, is readily dis-

solved by even dilute acids or alkalis. The proteid thus obtained from

muscle has been called syntonin, but we have at present no satisfactory

test to distinguish the acid-albumin (or syntonin) prepared from muscle

from that prepared from egg- or serum-albumin. When coagulated albumin

or other coagulated proteid or fibrin is dissolved in strong acids, acid-

albumin is formed ; and when fibrin or any other proteid is acted upon by

gastric juice, acid-albumin is one of the first products ; and these acid-

albumins cannot be distinguished from acid-albumin prepared from muscle

or native albumin. Though hydrochloric acid is perhaps the most con-

venient acid for forming acid-albumin, other acids may also be used for

the purpose of preparing it. Acid-albumin is soluble not only in dilute

alkalis, but also in dilute solutions of alkaline carbonates; its solutions in

these are not coagulated by boiling.

If sodium chloride in excess is added to an acid solution of acid-

albumin, the acid-albumin is precipitated: this also occux'S on adding

sodium acetate or phosphate.

As special tests of acid-albumin may be given : 1. Partial coagulation

of its solution in lime-water on boiling. 2. Further precipitation of the

same solution after boiling, on the addition of calcium chloride, magnesium

sulphate, or sodium chloride.

Dissolved in very dilute hydrochloric acid, acid-albumin (syntonin)

prepared from muscle possesses a specific Itevo-rotatory power of - 72" for
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yellow light, tMs being independent of the concentration \ On heating

the solution in a closed vessel in a water-bath, the rotatory power rises

2. Alkali-albumin.

If serum- or egg-albumin or washed muscle be treated with dilute alkali

instead of with dilute acid, the proteid undergoes a change quite similar

to that which was brought about by the acid. The alkaline solution, when

the change has become complete, is no longer coagulated by heat, the pro-

teid is wholly precipitated on neutralisation, and the precipitate, insoluble

in water and in neutral sodium chloride solutions, is readily soluble in

dilute acids or alkalis. Indeed in a general way it may be said that acid-

albumin and alkali-albumin are nothing more than solutions of the same

substance in dilute acids and alkalis respectively. When the precipitate

obtained by the neutralisation of a solution of acid-albumin in dilute acid

is dissolved in a dilute alkali, it may be considered to become alkali-

albumin; and conversely when the precipitate obtained from an alkali-

albumin solution is dissolved in dilute acid, it may be regarded as acid-

albumin,

A characteristic feature of this modified or derived albumin is that

ib is not precipitated when its alkaline solutions are neutralised in the

pi'esence of alkaline phosphates; the acid solutions on the contrary are

precipitated on neutralisation in the presence of alkaline phosphates. Hence

it is frequently said that acid-albumin is precipitated on neutralisation

in the presence of alkaline phosphates, but that alkali-albumin is not.

Alkali-albumin may be prepared by the action not only of dilute

alkalis but also of strong caustic alkalis on native albumins as. well as on

coagulated albumin and other proteids. The jelly produced by the action

of caustic potash on concentrated white of egg, spoken of in Class I. 1, is

alkali-albumin 3 the similar jelly produced by strong acetic acid is acid-

albumin.

Both alkali- and acid-albumin are with difficulty precipitated by alcohol

from their alkaline or acid solutions. The neutralisation precipitate how-

ever becomes coagulated under the prolonged action of alcohol.

The body 'protein,' for whose existence Mulder has so much contended, appears, if

it exists at all, to be closely connected with this body. All subsequent observers have

however failed to confirm his views.

The rotatory power of alkali-albumin varies according to its source;

thus when prepared by strong caustic potash from serum-albumin, the

rotation rises from -5 6° (that of serum-albumin) to -86°, for yellow light.

1 Hoppe-Seyler, Hdbk. Pliijs. Path. Chem. Anal p. 246.

F. P. 37
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Similarly prepared from egg-albumin, it rises from — 35-5° to —47°, and

if from coagulated white of egg, it rises to —SB'S". Hence the existence

of various forms of alkali-albumin is probable.

In addition to the methods given above, alkali-albumin maybe also readily obtained

by shaking milk with strong caustic soda solution and aether, removing the setherial

solution, precipitating the remaining fluid with acetic acid and washing the precipitate

with water, cold alcohol and aether.

The most satisfactory method of regarding acid- and alkali-albimain is

to consider them as respectively acid and alkali compounds of the neu-

tralisation precipitate. We have reason to think that when the precipitate

is dissolved in either an acid or an alkali, it does enter into combination

with them. The neutralisation precipitate is in itself neither acid- nor

alkali-albumin, but may become either, upon solution in the respective

reagent.

It is probable that several derived albumins exist, differing according to the proteid

from which they are formed or possibly according to the mode of their preparation, and

that each of these may exist in its correlative forms of acid- and alkali-albumin ; but

the whole subject requires further investigation.

Acid-albumin, prepared by the direct action of dilute acids on native

albumins or on muscle-substance, contains sulphur, as shewn by the brown

colouration which aj^pears when the precipitate is heated with caustic potash

in the presence of basic lead acetate. Alkali-albumin, at all events as pre-

jjared by the action of strong caustic potash or soda, does not contain any

sulphur; and the acid-albumin, prepared by the solution in an acid of the

neutralisation precipitate from such an alkali-albumin solution, is similarly

free from sulphur.

3. Casein.

This is the well-known proteid existing in milk. When freed from fat,

and in the moist condition, it is a white, friable, opaque body. In most of

its reactions it corresponds closely with alkali-albumin ; thus it is readily

soluble in dilute acids and alkalis, and is re-precipitated on neutralisation

;

if, however, potassium phosphate is present, as is the case in milk, the solu-

tion must be strongly acid before any precipitate is obtained.

It is generally said to be distinguished from artificial alkali-albumin, by

the following tests. 1. The latter if heated with caustic potash yields

no sulphide of the alkali; casein does. 2. Casein digested with aiiiificial

gastric juice gives a body containing phosphorus, whei'eas an alkali-albumin

containing no phosphorus can be prepared from white of egg.

Casein, as occurring in milk, has had several reactions ascribed to it, as character-

istic ; but these lose their importance on considering that milk contains, in addition to

casein, other substances such as potassium phosphate, and a number of bodies which
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yield acids by fermentation. The presence of potassium phosphate has an especial

influence on the reaction of casein. In the entire absence of this salt, acetic acid in the

smallest quantities, as also carbonic acid, gives a precipitate ; but if this salt is present,

carbonic acid gives no precipitate, and acetic acid one only when the solution is acid

from the presence of free acid, and not from that of acid potassium phosphate i.

"When prepared from milk by magnesiimi sulphate (see below), freed

by aether from fats, and dissolved in water, casein possesses a specific rota-

tory power of —80" for yellow light; in dilute alkaline solutions, of —76";

in strong alkaline solutions, of —91°; in dilute hydrochloric acid, of —87°.

Casein has been asserted to occur in muscle, in seroiis fluids, and in

blood-serum. In many cases it has probably been confounded with globu-

lin (see Class III.); but blood-serum and miuscle-plasma undoubtedly con-

tain an alkali-albumin in addition to whatever globulin may be present.

Its presence may be shewn by adding dilute acetic acid to blood-serum

which has been freed from globulin by a current of carbonic acid gas ; a dis-

tinct precipitate is thrown down. A substance similar to casein has also

been described as existing in unstriated muscle and in the protoplasm of

nerve-cells.

Frejjaration. Dilute milk with several times its bulk of water, add

dilute acetic acid till a precipitate begins to appear, then pass a current of

carbonic acid gas, filter, and wash the precipitate with water, alcohol and

ssther. Magnesium sulphate added to saturation also precipitates casein

from milk; as the precipitate thus formed is readily soluble on the addition

of water.

Class III. Globulins.

Besides the native albumins there are a number of native proteids

which differ from the albumins in not being soluble in distilled water;

they need for their solution the presence of an appreciable, though it may
be a small, quantity of a neutral saline body such as sodium chloride.

Thus they resemble the albuminates in not being soluble in distilled water,

but differ from them in being soluble in dilute sodium chloride or other

neutral saline solutions. Their general characters may be stated as

follows.

They are insoluble in water, soluble in dilute (1 p.c.) solutions of sodium

chloride; they are also soluble in dilute acids and alkalis, being changed on

solution into acid- and alkali-albumin respectively. The saturation with

solid sodium chloride of their solutions in dilute sodium chloride, precipi-

tates most members of this class.

1. Globulin {Crystalliri).

If the crystalline lens be rubbed up with fine sand, extracted with

water and filtered, the filtrate will be found to contain at least three

1 See Kiihne, Lehrbuch, p. 565.

37—2
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proteids. On passing a current of carbonic acid gas a copious precipitate

occurs; tMs is globulin.

The addition of dilute acetic acid to the filtrate from the globulin, gives a precipi-

tate of alkali-albumin ; and the filtrate from this if heated gives a further precipitate,

due to serum-albumin.

In its general reactions globulin coi-responds almost exactly witli tbe

next members of this class (paraglobulin and fibrinogen), but bas no power

to foi-m or promote the formation of fibrin in fluids containing the above-

mentioned bodies, and possesses the following special features. 1. According

to Lebmann, its oxygenated, neutral solutions become cloudy on beating to

73", and are coagulated at 93". 2. It is readily precipitated on tbe addition

of alcohol. According to Hoppe-Seyler, it is not precipitated on saturation

with sodium cbloride, resembling vitellin in this respect.

2. Paraglohulin (Fibrinoplastin).

Preparation. Blood-serum is diluted ten-fold with water, and a brisk

current of carbonic acid gas is passed through it. The first-formed cloudi-

ness soon becomes a flocculent precipitate, which is finally quite granular,

and may easily be separated by decantation and filtration: it should be

washed on the filter with water containing carbonic acid. It may also be

separated fi'om serum, by satui'ation with sodium cbloride, or magnesium

sulphate.

Prom its solution in dilute sodium chloride, it may be precipitated by a

current of carbonic acid gas, or the addition of exceedingly dilute (less than

1 pro mille) acetic acid. If the acid is strong enough to dissolve the

precipitated proteid, this becomes immediately changed into acid-albumin

(Class II.). In pure water, free from pxygen, paraglobulin is insoluble,

but on shaking with air or passing a cun-ent of oxygen, solution readily

takes place; from this it may be re-precipitated by a current of carbonic

acid gas. Fery dilute alkalis dissolve this body without change; if, how-

ever, the strength of the alkali be raised even to 1 p. c. the paraglobulia is

cbanged into alkali-albumin (Class II.).

According to Kiihne and A. Schmidt the solutions of this body in water

containing oxygen or in very dilute alkalis are not coagulated on heating.

The sodiiim chloride solutions are however coagulable, and if the sub-

stance itself be suspended in water and heated to 70° it is coagulated.

Although insoluble in alcohol, its solutions are with difficulty precipitated

by this reagent.

A characteristic test for this body is that it gives rise to fibrin when

added to many transudations, e.g. hydi'ocele, pericardial, peritoneal, and

pleural fluids.

Paraglobulin occurs not only (and chiefly) in blood-serum, but it is also

found in white corpuscles, in the stroma of red corpuscles (to some extent
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at least), in connective tissue, cornea, aqueous Humour, lymph, chyle, and

serous fluids.

For the occurrence of globulin in urine, see Edlefsen^ and Senator^.

3. Fibrinogen.

The general reactions of tliis body are identical with those of paraglo-

bulin. The characteristic test for its presence is the formation of fibrin

when its solution is added to a solution known to contain paraglobulin and

fibrin-ferment. Minor differences between the two may be thus enume-

rated:—In the preparation of fibrinogen, the containing fluid must be

much more sti-ongly diluted, and the current of carbonic acid gas must pass

for a much longer time. The precipitate thus obtained differs from that of

paraglobulin in that it forms a viscous deposit, adhering more closely to

the sides and bottom of the containing vessel; there is also no flocculent

stage previous to the viscous precipitate. The two also exhibit slight

microscopical difierences. Alcohol and ^ther both precipitate this body

from its solution, but a mixture of the two (3 parts alcohol, 1 part ^ther)

is most efiectual.

Fibrinogen occurs in blood, chyle, serous fluids, and in various transu-

dations.

Preparation. This is the same as for paraglobulin, regard being had to

the peculiarities mentioned above.

There is no proof that the whole of the substance thrown down by car-

bonic acid from diluted blood-serum is fibrinoplastic. We know for certain

(see p. 21) that the whole of the fibrinoplastic precipitate, used to cause

the coagulation of a fibrinogenous fluid, does not enter into the composition

of the fibrin produced; we also know that such a precipitate may lose its

fibrinoplastic powers without any marked change in its general reactions.

It would seem advisable therefore to speak of the deposit produced by

carbonic acid in dilute serum, or by saturation with sodium chloride in un-

diluted serum, as globulin, and to distinguish it as fibrinoplastic globulin

when it is able to give rise to fibrin. Fibrinogen similarly might be

spoken of as fibrinogenous globulin. The name crystallin rather than

globulin might then be given to the substance obtained from the crystal-

line lens.

4. Myosin.

This is the substance which forms the chief proteid constituent of dead,

rigid muscle; its general properties and mode of preparation have been

already described at p. 33. In the moist condition, it forms a gelatinous,

elastic, clotted mass; dried, it is very brittle, slightly transparent and

1 Centralblatt f. d. med. Wiss. 1870, p. 367. Also Arch. f. klin. Med. Bd. 7, p. 69.
^ Virchow's Archiv, Bd. 60, p. 476.
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elastic. From its solution in a sodium chloride solution it is precipitated,

either by extreme dilution, or by saturation with the solid salt. The same

solution, if exposed to a risiug temperature, becomes milky at 55°, and gives

a flocculent precipitate at 60°. This is however no longer myosin, for it

is insoluble in a 10 p. c. sodium chloride solution, and does not, until

after many days' digestion, yield syntonin on treatment with hydrochloric

acid (•! p. c). It is in fact coagulated proteid (see Class Y.). A similar

coa<nilation occurs if the solid substance be suspended in water and heated

to 70°.

Myosin is excessively soluble in dilute acids and alkalis, but under-

goes in the act of sokition a radical change, becoming in the one case acid-

albumin or syntonin, in the other alkali-albumin (Class II.).

Like fibrin, it can in some cases decompose hydrogen dioxide, and oxidise guaiacum

to a blue colour.

5. Vitellin.

As obtained from yolk of egg, of which it is the chief proteid con-

stituent, vitellin is a white granular body, insoluble in water, but very soluble

in dilute sodium chloride solutions; it surpasses myosin in this i-espect,

for the solution may be easily filtered. Saturation with solid sodium

chloride gives no precipitate ; in this respect it differs from most other

members of this class. In yolk of egg vitellin is always associated with,

and probably exists in combination with, the peculiar complex body lecithin

(see p. 609). From this it has not as yet been freed without coagulation

occurring; hence probably we are unacquainted with it in its normal state.

Denis, and after him, Hoppe-Seyler, have shewn that vitellin before the treatment

requisite to free it from lecithin, possesses properties quite different from other

proteids.

A theory has been advanced that vitellin is really a complex body like

hfemoglobin, and on treatment with alcohol splits up into coagulated pro-

teid and lecithin. "When well purified it contains '75 p. c. sulphur, but

no phosphorus. Dilute acids or alkalis readily convert it in its un-

coagulated form into a member of Class II.

Fremy and Valenciennes ^ have described a series of proteids, viz. ichthin, ichthidin,

&c., derived from fish and amphibia. They appear to be either identical with, or

closely related to, vitellin.

Preimration. Yolk of egg is treated with successive quantities of sether,

as long as this extracts any yellow colouring matter; the residue is dis-

solved in moderately strong {ex. gr. 5 p. c.) sodium chloride solution, .
and

filtered. The filtrate on falling into a large excess of water is precipitated.

In this state it is mixed with lecithin, and in order to free it from this,

1 Gompt. Rend. T. 38, p. 469 and 525.
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it is usually treated witli alcotol. This, as above stated, entirely changes

the vitellin into a coagulated form.

6. Globin.

Globin, stated by Preyer ^ to be the proteid residue of the complex body liEemo-

globin (see p, 279), ought probably to be considered as an outlying member of this

class. It is however not readily soluble either in dilute acids or sodium chloride

solutions. It is remarkable for being absolutely free from ash.

Class IY. Fibrin.

Insoluble in water and dilute sodium chloride solutions; soluble with

difficulty in dilute acids and alkalis, and more concentrated neutral saliae

solutions.

Fibrin, as ordinarily obtained, exhibits a filamentous structure, the com-

ponent threads possessing an elasticity much greater than that of any

other known solid proteid.

If allowed to form gradually in large masses, the filamentous structure is not so

noticeable, and it resembles in this form pure indiarubber. Such lumps of fibrin are

capable of being split in any direction, and no definite arrangement of parallel bundles

of fibres can be made out.

At ordinary temperatures fibrin is insoluble in water, being dissolved

only at very high temperatures, and then undergoing a complete change in

its characters. In hydrochloric acid solutions of 1—5 p. c. fibrin swells

up and becomes , transparent, but is not dissolved^. In this condition

the mere removal of the acid by an excess of water, neutralisation, or the

addition of some salt, causes a return to the original state. If, however,

the acid be allowed to act for many days at ordinary temperatures or for a

few hours at 40°—60°, solution takes place, and the resulting proteid

is syntonin. In dUute alkalis and ammonia, fibrin is much more readily

soluble, though in this case also the solution is greatly aided by warming

;

the resulting fluid contains no longer fibrin, but alkali-albumin. This pro-

perty is not distiactly characteristic of fibrin, although it dissolves perhaps

more readily in both dilute acids and alkalis than do coagulated proteids.

None of these solutions can be coagulated on heating, which is intelligible

when it is remembered that they no longer contain fibrin, but either acid-

or alkali-albumin. In addition to the above, fibrin is soluble, though with

difficulty and only after a considerable time, in 10 p. c. solutions of sodium

chloride, potassium nitrate or sodium sulphate. These solutions may be

coagulated by a temperature of 60° ; in fact, by the action of the neutral

saline solutions the fibrin has become converted into a body exceedingly

like myosin or globulin.

1 Blutkrystalle (1871) p. 166.

2 Complete solution may however take place if the fibrin contain pepsin. See note,

p. 221.
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On ignition of fibrin a residue of inorganic matter is always obtained

;

it is, however, considered that sulphur is the only one of these elements

which enters essentially into its composition. In other respects fibria

corresponds entirely in general composition with other proteids.

Suspended in water and hpated to 70°, it loses its elasticity, and

becomes opaque; it is then indistinguishable from other coagulated

proteids.

A peculiar property of this body remains yet to be mentioned, viz. its power of

decomposing hydrogen dioxide. Pieces of fibrin placed in. this fluid,, though them-
selves undergoing no change, soon become covered with bubbles of oxygen; and
guaiacum is turned blue by fibrin in presence of hydrogen dioxide or ozonised tur-

pentine. In the language of Schonbein's theory fibrin is an ozone-bearer.

Preparation. Either by washing blood-clots, or whipping blood with a

bundle of twigs and then washing. If required quite colourless it should

be prepared from plasma free from corpuscles.

When globulin, myosin, and fibrin are compared with each other, it will

be seen that they form a series in which myosin is intermediate between

globulin and fibrin. Globulin is excessively soluble in even the most

dilute acids and alkalis ; fibrin is almost insoluble in these ; while myosin,

though more soluble than fibrin, is less soluble than globulin. Globulin

again dissolves with the greatest ease in a very dUute solution of sodium

chloiide. Myosin, on the other hand, dissolves with difficulty ; it is much
more soluble in a 10 per cent, than in a one per cent, solution of sodium

chloride ; and even in a 1 per cent, solution the myosin can hardly be

said to be dissolved, so viscid is the resu.lting fluid and with such difficulty

does it filter. Fibrin again dissolves with great difficulty and very slowly

in even a 10 per cent, solution of sodium chloride, and in a one per cent,

solution it is practically insoluble. When it is remembered that fibrin

and myosin are, both of them, the results of coagulation, their similarity is

intelligible. Myosin is in fact a somewhat more soluble form of fibrin,

deposited not in threads or filaments but in clumps and masses.

Class V. Coagulated Proteids.

These are insoluble in water, dilute acids and alkalis, and neutral saline

solutions of all strengths. In fact they are really soluble only in strong

acids and strong alkalis, though prolonged action of even dilute acids and

alkalis will efiect some solution, especially at high temperatures. During

solution in strong acids and alkalis a destructive decomposition takes place,

but some amount of acid- or alkali-albumin is always produced.

Very little is known of the chemical characteristics of this class.

They ax'e produced by heating to 70°, solutions of egg- or serum-albumin,

globulins suspended in water or dissolved in saline solutions, fibrin sus-
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pended ill -water- or dissolved ia saline solutions, or precipitated acid- and

alkali-albumin suspended in water. They are readily converted at the

temperature of the body into peptones, by the action of gastric juice in an

acid, or of pancreatic juice in an alkaline medium.

Class YI. Peptones.

Yery soluble in water, and not precipitated from then.' aqueous solutions

by the addition of acids or alkalis, or by boiling. Insoluble in alcohol, they

are precipitated with difficulty by this reagent, and are imchanged in the

process; they differ from all other proteids in not bemg coagulated by

exposure tq^ alcohol. They are not precipitated by cupric sulphate, ferric

chloride, or, except in the instances to be mentioned presently, by potas-

sium ferrocyanide, and acetic acid. In these points they differ from most

other proteids. On the other hand, precipitation is caused by chlorine,

iodine, tannin, mercuric chloride, nitrates of mercury and silver, and

both acetates of lead ; also by bile-acids in an acid solution. In common

with all proteids, these bodies, possess a specific Isevo-rotatory power over

jDolarised light ; but they differ from all other proteids in the fact that

boiling produces no change in the amount of rotation.

A solution of peptones, mixed with a strong solution of caustic potash,

gives, on the addition of a mere trace of cupric sulphate, a o^ed colour.

An excess of the cupric salt gives a violet colour, which deepens in

tint on boUmg. Other proteids simply give the violet colour. But the

most characteristic feature of pej)toneSs is their extreme diffusibility, a

property which they alone, of all the proteids, may be said to possess,

since all other forms of proteids pass through membranes vdth the greatest

difficulty, if at all.

Notwithstanding their probable formation in large quantities in the

stomach and intestine, to judge from the result of artificial digestion, a

very small quantity only can be found in the contents of these organs, or

in the chyle, ' They are probably absorbed as soon as formed. Another

point of interest is their reconversion into other forms of proteids, since

this must occur to a great extent, in the body^ We are however un-

acquainted with any processes able to effect this reverse change.

Production. All proteids, with the exception of lardacein, yield pep-

tones (and other products) on treatment with acid gastric or alkaline

pancreatic juice, most readily at the temperature of the human body.

Peptones are likewise pi'oduced, in the absence of pepsin and trypsin, by

the action of dilute and moderately strong acids at medium temperatures,

also by the action of distilled water at very high temperatures and great

pressiu'e. For various methods of preparing peptones, see Adamkiewicz'.

^ Die Natar u. Nahrwerth d. Feptons (1877), p. 33.
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No exact difference in percentage composition between peptones and the

proteids from which they are formed has, at present, been established.

"We have used the phrase 'peptones' in the plural number

because we have reason to think that more than one kind of peptone

exists, Meissner ' described three peptones, naming them respectively

A- B- and C-peptone. He distinguished them as follows. A-peptone is

precipitated from its aqueovis solutions by concentrated nitric acid, and

also by potassium ferrocyanide in the presence of even weak acetic acid.

B-peptone is not precipitated by concentrated nitric acid, nor will potassium

ferrocyanide give a precipitate unless a considerable qiiantity of strong

acetic acid be added at the same time. C-peptone is precipitated neither

by nitric acid nor by potassium ferrocyanide and acetic acid, whatever be

the strength of the acetic acid. In place however of speaking of all these

as peptones, it is better to consider C-peptone as the only real peptone, and-

the A- and B-peptones as not peptones at all, Nevertheless we have

reason, from the researches of Ktihne, to speak of more than one peptone,

viz. of a hemipeptone which is capable under the action of trypsin of

being converted into leucin and tyrosin, and of an antipeptone which

resists such a decomposition. The name antipeptone is given to the latter

on account of this resistance which it offers towards trypsin; the name

hemipeptone, given to the former, signifies that this peptone is the twin or

correlative half of antipeptone.

We have seen (p, 191) that when any proteid is digested with pepsin,

what we may ^preliminarily call a bye-product makes its appearance.

This bye-product, which has many resemblances to acid-albumin or syn-

tonin, appearing as a neutralisation precipitate soluble in dilute acids

and alkalis but insoluble in distilled water, is generally spoken of as

parapeptone. According to Finkler^ this neutralisation precipitate is es-

pecially abundant if the pepsin be previously modified by exposure to a

temperature of 40° to 60° C, The pepsin thus modified is spoken of by

Mnkler as 'isopepsin.' Many authors regard parapeptone, syntonin, and

acid-albumin as being the same thing, Meissner however gave the

name parapeptone to a body, which need not and probably does not

make its appearance during normal natural digestion or during artificial

digestion with a thoroughly active pepsin, but which is formed when
proteids are subjected to the action of weak hydrochloric acid, either

alone or in company with an imperfectly-acting pepsin, and which in

certain characters is quite distinct from ordinary syntonin or acid-albumin.

Its distinguishing feature is that it cannot be changed into peptone by

the action of even the most energetic pejisin, though it is readily so con-

^ Zeitschr.f. Eat. Med., Bcle. vii., viii., x., xii, and xiv,

2 Pfluger's Archiv, xiv. (1877) p. 128.
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verted tinder the influence of trypsin; otherwise it very closely resembles

syntonin. "We have here an indication that the simple characters by

which we have described acid-albvimin may be borne by bodies having

marked differences from each other. The researches of Kiihne, to which

we have briefly referred in the text (p. 202), have thrown an important

light on these difierences. The fundamental notion of Kuhne's view is

that an ordinary native albumin or fibrin contains within itself two residues,

which he calls respectively an anti-residue and a hemi-residue. The result

of either peptic or tryptic digestion is to split up the albumin or fibrin, and

to produce on the part of the anti-residue antipeptone, and on the part

of the hemi-residue hemipeptone, the latter being distinguished from the

former by its being susceptible of further change by tryptic digestion into

leucin, tyrosin, &c. Antipeptone remains as antipeptone even when placed

under the action of the most powerful trypsin, provided putrefactive

changes do not intervene.

Before the stage of peptone (whether anti- or hemi-) is reached, there

is an intermediate stage corresponding to the formation of syntonin. In

both normal peptic and tryptic digestion antipeptone is preceded by

an anti-albumose, and hemipeptone by a hemi-albumose. Of these the

anti-albumose is closely related to syntonin, and has hitherto been

regarded as syntonin. The hemi-albumose has not been so frequently

observed ; it was however isolated by Meissner ; it is apparently the body

called by him A-peptone. It possesses a peculiar feature in being soluble

at about 70" C, and being re-precipitated on cooling; in this respect it

closely resembles a proteid body observed by Bence-Jones in the urine of

osteomalacia. It approaches myosin in being readily soluble in a 10 per

cent, solution of sodium chloride.

If however albumin be digested with insufficient or with imperfectly

acting pepsin, or simply with dilute hydrochloric acid at 40", anti-albumose

is not formed, but in its place a body makes its appearance which Kuhne
calls anti-albumate\ Its characteristic property is that it cannot be con-

verted by peptic digestion into peptone, though it can be so changed by
tryptic digestion. It is in fact the parapeptone of Meissner.

It may perhaps be advisable, now that Meissner's parapeptone is cleared

up, to reserve the name parapeptone for the initial products of both peptic

and tryptic digestion, to speak of anti-albumose and hemi-albumose as being

both parapeptones. But in this sense parapeptone will be an intermediate

and not a collateral product of digestion.

Meissner also described a particularly insoluble form of his parapeptone

as dyspeptone, and another intermediate product as metapeptone; but

further investigation of both these bodies, as well as of his B-peptone,

1 An albumate must not be confounded with an albuminate.
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is necessary. Under tlie influence of dilute liydrocliloric acid, anti-

albumate becomes changed into a body which Kiihne calls anti-albumid

and -which seems identical "with the very insoluble proteid described by

Schiitzenberger as ' hemiprotein,' and probably -with Meissner's dyspep-

tone. The same body is produced at once in company with products

belonging to the hemi-gToup by the action of 3 to 5 per cent, sulphuric acid

on native albumin or fibrin. The following table shews the relations

and genesis of the bodies we have just described. The several products

(antipeptone, &c.) are given in duplicate, on the hypothesis (which though

not proved is probable) that the changes of digestion are essentially hydro-

lytic changes, accompanied by a deduplication. That just as a molecule

of starch splits up into at least two molecules of dextrose, or as a molecule

of cane-sugar splits up into a molecule of dextrose and a molecule of

levulose, so a molecule of antialbumose, for instance, splits up into two-

molecules of antipeptone, and so on. But the whole scheme is of course

only provisional.

Decomposition of Proteids by Digestion.

Albumin. ^ e

Antialbumos,e. Hemialbumose.

J .
!

I

Antipeptone. Antipeptone. Hemipeptone. Hemipeptone. ") "-s

1 1 l!
Leucin. Tyrosin. Leucin. Tyi'osm. I "S

etc. etc. j|<

Decomposition by Acids.

1.

By -25 p. c. HCl at m^Q.
Albumin.

Antialbumate. Hemialbumose.

Antialbumid. Heinij^eptone. Hemipeptone.

By 3—5 p. c. H^SO, at 100" C.

Albumin.

Antialbumid. Hemialbumose.
I

Hemipeptone. Hemipeptone.
I

. .1
Leucin. Tyrosin. etc. Leucin. Tyrosin. etc.
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Class YII. Lardacein, or the so-called amyloid substance.

The substance to wliich the above name is applied, is found as a deposit

in the spleen and liver, also in numerous other organs, such as the blood-

vessels, kidneys, lungs, &c.

It is insoluble in. water, dilute acids and alkalis, and neutral saline

solutions.

In centesimal composition it is almost identical with other proteids*,

viz. :

—

0. and S. H. N. C.

24-4 7-0 15-0 63-6

The sulphur in this body exists in the oxidised state, for boiling with

caustic potash gives no sulphide of the alkali. The above results of

analysis would lead at once to the ranking of lai'dacein as a proteid, and

this is borne out by other facts. Strong hydrochloric acid converts it into

acid-albimiin, and caustic alkalis into alkali-albumin. On the other hand,

it exhibits the following marked differences from other proteids :—It wholly

resists the action of ordinary digestive fluids ; it is coloured red, not yellow,

by iodine, and violet or pure blue by the joint action of iodine and sul-

phuric acid. From these last reactions it has dei'ived one of its names,

'amyloid,' though this is evidently badly chosen. Not only does it

differ from the starch group in composition, but by no means can it be

converted in.to sugar : this latter is one of the ci-ucial tests for a true

member of the amyloid group. According to HeschP and Cornil^ anilin-

violet (methyl-anilin) colours lardaceous tissue rosy red, but sound tissue

blue.

The colours mentioned above, as being produced by iodine and sulphuric acid, are

much clearer and brighter when the reagents are apphed to the purified lardacein.

When the reagents are apphed to the crude substance in its normal position in the

tissues, the colours obtained are always dark and dirty-looking.

Purified lardacein is readily soluble in moderately dilute ammonia, and

can, by evaporation, be obtained from this solution in the form of tough,

gelatinous flakes and lumps; in this form it gives feeble reactions only with

iodine. If the excess of ammonia is expelled, the solution becomes neutral,

and is precipitated by dilute acids.

Freparation. The gland or other tissue containing this body, is cut up

into small pieces, and as much as possible of the surrounding tissue

removed. The pieces are then extracted several times with water and

dilute alcohol, and if not thus rendered colourless, are repeatedly boiled

with alcohol containing hydrochloric acid. The residue after this operation

1 C. Schmidt, Ann. d. Chem. u. Pharm. Bd. 110, p. 250, and Friedreich and Kekule,
Virchow's Archiv, Bd. 16, p. 50.

^ Wien. med. Woclienschr. No. 32, p. 714.
3 Compt. Bend. May 24, 1875.
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is digested at 40°, -with good artificial gastric juice in excess. Everythuig

except lardacein, and small quantities of mucia, nucleia, keratin, together

with some portion of the elastic tissue, will thus be dissolved and removed'.

From the latter impurity it may be separated by decantation of the

finely-powdered substance.

The chief products of the decomposition of proteids are ammonia,

carbonic acid, leucia and tyrosin. Several other bodies, for the most part,

like leucin, amidated acids, such as aspartic acid, glutamic acid, &c., have

also been obtained. But urea has never yet been derived by direct de-

composition from proteid material, the statements to this effect having

been based on errors. In spite of numerous researches, we cannot at

present state definitely what is the real constitution of a proteid, or in what

manner these several residues are contained in the undecomposed substance.

It is Tuinecessary to give here any of the formulae, nearly all empirical, which

have been made to represent these bodies ; they all give with equal exacti-

tude the percentage composition, but beyond this they are untriistworthy.

Of the various attempts which have been made to assign to proteids some

definite molecular structure, none appear, at the present stage of informa-

tion, sufficiently reliable for general acceptance.

Among the most elaborate labours in this direction may be mentioned those of

Hlasiwetz and Haberman. In their first publication'^, starting from the general simi-

larity of the products of decomposition of the proteids and carbohydrates, they tried to

establish a definite relation between the two classes of bodies. In this they were not

successful, and from theh second research^ they come to the conclusion that the carbo-

hydrates take no part in the formation of the proteids.

Other experiments in the same direction are due to Schiitzenberger^. He shews

that albumin can be decomposed into carbonic anhydiide and ammonia, and that the

ratio of these two is the same as though urea had been the body on which he operated.

From this he concludes that "the molecule of albumin contains the grouping of urea

and represents a complex ureide." In his second publication^ he confirms his previous

results, stating that the ammonia, carbonic anhydride and oxalic acid, produced by the

decomposition of proteids, are so connected quantitatively as to be capable of derivation

from varying proportions of urea and oxamide. He also obtained from the decomposi-

tion of proteids a nitrogenous residue which could be formulated as giving rise to all the

amidated acids and other bodies spoken of above. Thus according to him, albumin,

built up as a complex ureide, decomposes into ammonia, carbonic, oxalic, and acetic

acids, and this nitrogenous body : this last then gives rise to the other products of de-

composition.

It will be noticed that in the general description of the various

proteids, distinctive reactions for each could not be given, but that varying

1 Kiihne, Virchow's Arch. Bd. 83.
2 Ann. d. Cliem. u. Fharm. Bd. 159, p. 304.
3 Ibid. Bd. 169, p. 150.
4 Compes Rendus, T. 80, p. 232.
6 Ibid. T. 81, p. 1108.
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solubilities were, the chief means at our disposal for distinguishing them.

They may be arranged according to their solubilities in the following

tabular form.

Soluble in distilled water:

Aqueous solution not coagulated on boiling Peptones.

Aqueous solution coagulated on boiling Albumins.

Insoluble in distilled water

:

Soluble in IsTaCl solution 1 per cent Globulins.

Insoluble ,, ,, „

oi 1 1 1 • -r-rn^ t x • j.1. i i 1 Add- and Alkalis-
Soluble m HCl •! per cent, m the cold

\
} albumin.

Insoluble in HCl '1 per cent, in the cold, but) j^.^ .

soluble at 60" j

Insoluble in HCl "1 per cent, at 60°
j soluble in strong acids.

Soluble in gastric juice Coagulated albumin.

Insoluble „ „ Lardacein.

Such a classification is however obviously a wholly artificial one, use-

ful for temporary purposes, but in no way illustrating the natural relations

of the several members. Nor is a division into 'native' and 'derived'

proteids much more satisfactory. It is true that we may thus put together

serum- and egg-albumin, with vitellin, myosin, and fibrin, on the one hand;

and peptones, coagulated proteids, and acid- with alkali-albumin, on the

other. But in what light are we to consider casein, seeing that though a

natural product, it has so many resemblances to alkali albumin ? Moreover

the system of classification miist be useless which would place fibrinoplastic

globulin and fibrinogen in the same class as fibrin, and yet we can hardly

speak of either of the two former bodies as derived proteids. If the view

be true that when fibrin is converted into peptone the large molecule of the

former is split up, with assumption of water, into two smaller moleciiles of

the latter, one belonging to the 'anti' and the other to the 'hemi' group, we

might speculate on a possible classification of all proteids into hemi-proteids,

anti^proteids and holo-proteids. Thus serum- and egg-albumin, myosin, and

fibrin would be undoubtedly holo-proteids, peptones either anti- or hemi-

proteids, and we should have to distinguish probably in the heterogeneous

group of derived albumins both anti-, hemi- and holo-proteid members. It is

possible, moreover, that fibrinoplastic and fibrinogenous globiilin and casein

may be natural hemi- or anti-proteids and not holo-proteids. But we

have at present no positive knowledge on these points.
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Nitrogenous Non-Crystalline Bodies allied to Proteids.

These resemble the proteids in many general points, but exhibit among

themselves much greater differences than the proteids do. As regards

their molecular structure nothing satisfactory is known. Their percentage

composition approaches that of the proteids, and like these they yield, under

liydrolytic treatment, large quantities of leucin and in some cases tyrosin.

They are all amoi'phous.

Mucin. (0,35-75. H, 6-81. N, 8.50. 0,48-94)'.

The characteristic component of mucus. Its exact composition is not

yet known, the figures given above being merely an approximation.

As occurring in the normal condition it gives to the fluids which contain

it the well-known ropy consistency, and can be precipitated from these by

acetic acid, alcohol, alum and mineral acids; the latter, if in excess,

redissolve the precipitate, but this is not the case with acetic acid. In its

precipitated form it is insoluble in water, but swells up strongly in it, and

this effect is increased by the presence of many alkali salts. Alkalis and

alkaline earths dissolve it readily. Its solutions do not dialyse; they

give the proteid reactions with Millon's reagent and nitric acid, biit none

with sulphate of copper, and are precipitated by basic lead acetic only

when neutral or faintly alkaline. According to Eichwald^, when heated

with dilute mineral acids, mucin yields acid-albumin, and another body

which in many of its properties closely resembles a sugar; it reduces

sokitions of cupric sulphate. Prolonged boiling with sulphuric acid gives

leucin and about 7 p. c. of tyrosin.

Preparation. From ox-gall, by precipitation with alcohol, redissolving

in water and precipitating with acetic acid. It is readily obtained from

any of its solutions, by the addition of acetic acid.

Chondrin. (0,31-04. H, 6-76. N, 13-87. 0,47-74. S, -60 p.c.)^

This is usually regarded as forming the essential part of the matrix of

hyaline cartilage, and is contained in the interstices of the fibres in elastic

cartilage. A similar substance can be prepared from the cornea. Boiled

with water, it dissolves slowly, forming an opalescent solution, which is

precipitated by acetic acid, lead acetate, dilute mineral acids, alum, and

salts of silver and copper ; an excess of the last four reagents redissolves

the precipitate. Solutions of this body gelatinise on standing, even if

very dilute; the solid mass is insoluble in cold water, readily soluble in

hot water, alkalis and ammonia.

1 Eicliwald, Ann. d. Cliem. u. Pharm. Bd. 134, p. 193.
^ Op. cit.

2 I. V. Mering, Beitrag zur Chemie dea Knorpels, 1873.
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The aqueous and alkaline solutions o£ cliondrin possess a left-handed

rotatory power on polarised light of -213-5"; in presence of excess of

alkali this becomes - 552-0'', both measured for yello-w light.

It seems, according to the observations of many, that chondrin can, by

heating with hydrochloric acid, be converted into a body whose reactions

resemble those of syntonin, and another substance, which like the similar

product from mucin, so far resembles grape sugar that it reduces cupric

salts in alkaline solution ^ ; it appears however to contain nitrogen. A
recent observer^ has denied the existence of chondi-in as a distinct sub-

stance and regards it as in all cases a mere mixture of other bodies.

He states that a substance having all the reactions of the so-called

chondrin, may at any time be produced by a mixtui-e of mucin, glutin and

inorganic salts. The extreme similarity in the reactions of chondrin and

mucin point to a close relationship between the two. The whole sub-

ject, however, requires more complete investigation. With alkalis or

dilute sulphui'ic acid chondrin gives leucin, but no tyi'osin or glycocoU,

Whether chondrin exists as such in cartilage is uncertain ; it seems pro-

bable that it does not, since its extraction from cai-tilage requires an

amount of boiling with water much greater than that requisite to dissolve

dried chondrin.

Preparation. From cartilage by extracting with water, and precipi-

tating with acetic acid.

Glutin or Gelatin. (0, 23-21. H, 7-15. N, 18-32. C, 50-76. S,

•56 p.c.)

This is the substance which is yielded when connective tissue fibres are

heated for several days with very dilute acetic acid, at a temperature of

about 15° C, or when they are treated with water in a digester. The

elastic elements of connective tissure are unafiected by the above treatment.

As obtained in this way glutin is when heated a thin fluid, solidi-

fying on cooling to the well-known gelatinous form. When diied it is

a colourless, transparent, brittle body, swelling up in cold water, but

remaining undissolved; heating, or the addition of traces of acids or alkalis,

readily effects its solution. When dissolved in water it possesses a Isevo-

i-otatory power of —130", at 30" C; the addition of strong alkali or acetic

acid reduces this to —112" or —114", both measured for yellow lights

Its solutions will not dialyse.

Mercuric chloride and tannic acid are the only two reagents which yield

insoluble precipitates with this body. Its presence prevents the action of

^ De Bary, Hoppe-Seyler's Untersuch. Hft. i. p. 71.

" Morochowetz, Verhand. Naturhist. Med. Ver. Heidelberg. Bd. i. Hft. 5.

3 Hoppe-Seyler, Hdbk. p. 222.

r. p. 38
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Trommer's sugar test, since it readily dissolves tip tlie precipitated cuprous

oxide. The proteid reactions of glutin are so feeble that they are probably

due merely to impurities. Heated with sulphuric acid it yields ammonia,

leucin and glycocoll, but no tyrosin.

It appears improbable that glutin exists ready formed in connective

tissue fibres, since these do not swell up in water, and only yield glutin

after prolonged treatment with boiling water ; to which it may be added

that while glutin is acted iipon by trypsin, the connective tissue fibres in

their natural condition resist its action (see p. 203).

Mastin. (0, 20-5. H, 7-4. E", 16-7. C, 55-5 p.c.)

This characteristic component of elastic fibres is left on the removal

of all the glutin, mucin, &c. from such tissues as "ligamentum nuchse,"

advantage being taken of its not being altered when it is heated with water,

even under pressure, with strong acetic acid, or with dilute alkalis. When
moist it is yellow and elastic, but on drying becomes brittle. It is soluble

in strong alkalis at boiling temperatures; concentrated sulphuric and nitric

acids however dissolve it in the cold. It is precipitated from solutions by

tannic acid, but not by the addition of ordinary acids. Notwithstanding

that it closely approaches the proteids in its percentage composition, and

gives distinct although feeble proteid reactions, any very close relationship

between the two appears improbable, since elastin when treated with

sulphuric acid, yields leucin (30—40 p.c.) only and no tyrosin.

Hilger' has obtained a similar body from the shell membrane of snakes'

eggs. •

,

Keratin. (0, 20-7—25-0. H, 6-4—7-0. N, 16-2—17-7. C, 50-3—

52-5. S, •7—5-0 p.c.)

This body, though somewhat resembling the proteids in general compo-

sition, differs from them and also from the preceding bodies so widely in

other properties, that its description is placed here for convenience rather

than anything else. Haii-, nails, feathers, horn, and epidermic scales con-

sist for the most part of keratin. Heated with water in a digester at 150"

keratin is partially dissolved with evolution of sulplmretted hydi'Ogen ; the

solution then gives with acetic acid and ferrocyanide of potassium a j^recipi-

tate soluble in excess of the acid. Prolonged boiling with alkalis and acids,

even acetic, dissolves keratin ; the alkaline sokitions evolve sulj)huretted

hydrogen on treatment with acids. The sulphur in keratin is evidently

very loosely united to the substance, and in all its reactions there appears

to be a want of similarity between keratin and either proteids, mucin or

gelatin. The most common of its products of decomposition are leucin

^ Ber. d. deutsch. clievi. Gesellsch, 1873, p. 16G.
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(10 p.c), and t'yi-osin (3"6 p. c), and some aspartic acid; no glycin is

formed. What is generally known as keratin is probably a compound

body, which has not yet been resolved into its components.

Ewald and Kiihne^ have described a new body to which, since it occurs as

a constituent of nervous tissue (both of nerves and of the central nervous

system), and is yet closely identical with ordinary homy tissue, they give the

name of neuro-keratin. It is prepared in quantity from the brain by ex-

tracting this tissue with alcohol and sether, and subjecting the residue to

the action of pepsin and trypsin. The final residuum is neuro-keratin,

and amounts to 15—20 p. c. of the original tissue.

Nuclein. C,, H,, N, P3 O,,.

Discovered by Miescher^ in the nuclei of pus corj)uscles and in the

yellow corj)uscles of yolk of egg. Other observers have subsequently

obtained it from yeast, from semen, from the niiclei of the red blood-cor-

puscles of birds and amphibia, from hepatic cells, and it is probably present

in all nuclei.

When newly prepared it is a colourless amorphous body, soluble to a

slight extent in water, readily soluble in many alkaline solutions ; but its

solubilities alter on keeping. If added gradually in sufficient quantity to

a solution of caustic alkali it first neutralises the solution and then renders

it acid. It seems to possess an indistinct xanthoproteic reaction, but gives

no reaction with Millon's fluid. It yields precipitates with several salts,

e. g. zinc chloride, silver nitrate, and cupric stilphate.

Preparation. This is difficult, since nuclein is easUy decomposed^ The

most remarkable feature of this body is its large percentage of phosphorus,

9*59 per cent. This phosphorus is readily separated by boiling with strong

hydrochloric acid or caustic alkalis ; the same occurs when solutions of

nuclein are acidulated and allowed to stand.

CARBOHYDiaATES.

Certain members only of this class occur in the human body ; of

these, the most important and wide spread is that known as grape-sugar,

or dextrose (glucose), with which diabetic sugar seems to be identical*.

Next to this comes milk-sugar. Inosit is another body of this class,

although it differs in many important points from the preceding two.

^ Verliand. Naturliist. Med. Ver. Heidelberg. Bd. i. Heft 5.

2 3Ied. Chem. Untersuch. Hoppe-Seyler, Heft 4, 1872, pp. 441 and 502.
3 Miescher, Op. cit.

* The question, however, -whether several varieties of sugar occurring in the animal
body have not been confounded together under the common name of dextrose or

gUicose may be considered at present an open one.

38—
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Glycogen belongs projjerly to tlie sub-class of carbobydrates known as

starches.

These bodies are often considered to be polyatomic alcohols. Several of them stand

in peculiar relation to mannit, and may be converted into that substance by the action

of sodium amalgam^.

1. Z)ea;f?*ose (Grape-sugar). Cg H^^ Og-f-H^ O.

Occurs in tbe contents of the alimentary canal to a variable extent

dependent on tbe nature of tbe food taken. It is also a normal con-

stituent of blood, chyle, and lympb. Concerning its presence in tbe liver,

see p. 333. Tbe amniotic fluids also contain tbis body. Bile in tbe

normal condition is free from sugar, so also is urine, tbougb tbis point

has given rise to great dispute". Tbe disease diabetes is cbaracterised by

an excess of dextrose in tbe tissues and fluids of tbe body (see p. 337).

Wben pure, dextrose is colourless and crystallises in four-sided prisms,

often agglomerated into warty lumps. Tbe crystals will dissolve in

tbeir own weigbt of cold water, requiring bowever some time for tbe

process ; tbey are very readily soluble in bot water. Dextrose is soluble

in alcobol, but insoluble in aetber.

The freshly prepared cold aqueous solution of the crystals possesses a dextro-rotatory

power of -1- 1040 for yellow light. This, quickly on heating, more slowly on standing,

falls to -{-56'', at which point it remains constant.

Dextrose readily forms compounds with acids and bases ; the latter are very

unstable, decomposition rapidly ensuing on heating them. When its metallic com-

pounds are decomposed the decomposition is in many cases accompanied by the

precipitation of the metals, e.g. silver, gold, mercury, bismuth. Caustic alkalis readUy

decompose it, as also does ammonia.

Dextrose is readily and completely precipitated by lead acetate and

ammonia.

An important property of tbis body is its power of undergoing fermen-

tations. Of tbese tbe two principal are : (1) Alcoholic. Tbis is produced

in aqueous solutions of dextrose, under tbe influence of yeast. Tbe decom-

position is tbe following : Cg H^^ 0^ = 2 C^ Hg O -f 2 CO^, yielding (etliyl)

alcobol and carbonic anhydride. Other alcohols of the acetic series are

found in traces, as also are glycerine, succinic acid and probably many other

bodies. Tbe fermentation is most active at about 25" C. Below 5° or above

45° it almost entirely ceases. If the saccharine solution contains more than

15 per cent, of sugar it will not all be decomposed, as excess of alcohol stops

the reaction. (2) Lactic. This occurs in the presence of decomposing nitro-

genous matter, especially of casein, and is probably tbe result of the action

of a specL^c ferment. The first stage is the production of lactic acid,

^ Linnemann, Ann. d. Chevi. u. Pliarm. Bd. 123, p, 136.
* bee Seegen, Der Diabetes Mellitus, 2 Ed. p. 196.
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C^ H,„0,=2C, H„ O,. In tlie second butyric acid is formed with, evolution
6 12 6 3 6 3 *J

of hydrogen and carbonic anhydride : 2 C3H^ O3 = C4Hg 0, + 2 COj + 2 H^,

The above changes, the first of which is probably undergone by sugar to a

considerable extent in the intestine, are most active at 35°; the presence of

alkaline carbonates is also favourable. It is moreover essential that the

lactic acid should be neutralised as fast as it is formed, otherwise the pre-

sence of the free acid stops the process.

The detection and estimation of dextrose are so fully given in various

books that they need not be detailed here.

2. Milk-sugar. G^^ H,, 0,^ + H^ O.

Also known as lactose. It is found in milk, and is the only sugar which

enters into the composition of this secretion.

It yields, when pure, hard colourless crystals, belonging to the rhombic

system (four or eight-sided prisms). It is less soluble in water than

dextrose, requiring for solution six times its weight of cold, but only two

parts of boiling, water; it is entirely insoluble in alcohol and sether. It is

fully precipitated from its solutions by the addition of lead acetate and

ammonia.

When freshly dissolved, its aqueous solution possesses a specific dextro-rotatory

power of -1- QS'l" for yellow light : this diminishes, slowly on standing, rapidly on boil-

ing, until it finally remains constant at -|- 59"3<'. The amount of rotation is inde-

pendent of the concentration of the solution.

Lactose unites readily with bases, forming unstable compounds ; from its metallic

compounds the metal is precipitated in the reduced state on boiling ; it reduces copper

salts as readUy as dextrose.

Lactose is generally stated to admit of no direct alcoholic fermentation;

this may however sometimes be induced by a lengthy action of yeast. By
boiling with dilute mineral acids lactose is converted into galactose, which,

readily undergoes alcoholic fermentation.

Galactose is very readily soluble in water, though insoluble in alcohol. It

possesses a higher rotatory power than lactose, viz. 4-83-2°; in a freshly prepared

solution the rotation is + 139 'G"^. It may be remarked here that though isolated lactose

is incapable of direct alcoholic fermentation, milk itself may be fermented ; Berthelot

was unable in this direct alcoholic fermentation to detect any intermediate change of

the lactose into another fermentable sugar.

Lactose is however directly capable of vindergoing the lactic fermenta-

tion; the circumstances and products are the same as in the case of dex-

trose (see above). The action is generally productive of a collateral small

quantity of alcohol.

The tests for the presence of this body are the same as for dextrose, with

th.e exception of the alcoholic fermentation.
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Preparation—^After the removal of the casein and other proteids of the

milk, the mother liquor is evaporated to the crystallising point; the crystals

are ptirified by repeated crystallisation from warm water.

3. Inosit. C6H10O6+2H2O.

This substance occurs but sparingly in the human body; it was found

originally by Scherer^ in the muscles of the heart. Cloetta shewed its

presence in the lungs, kidneys, spleen and liver ^, and Miiller in the brain ^

It occurs also in diabetic urine, and in that of ' Bright's disease,' and

is found in abundance in the vegetable kingdom.

Pure inosit forms large efflorescent crystals (rhombic tables) ; in micro-

scopic preparations it is usually obtained in tufted lumps of fine crystals.

Easily soluble in water, it is insoluble in alcohol and aether. It possesses

no action on polarised light, and does not reduce solutions of metallic salts.

It admits of no dii'ect alcoholic, but is capable of undergoing the

lactic fermentation; according to Hilger* the acid formed is sarcolactic.

It is unaltered by heating with dilute mineral acids.

Preparation. It may be precipitated from its solutions by the action

of hasic lead acetate and ammonia.

As a special test may be mentioned the prodviction of a bright violet

colom- by careful evaporation to dryness on platinum foil, with a little

ammonia and calcium chloride.

4. Glycogen. C^ II,„ O^.

Belongs to the starch division of carbohydrates. Discovered by Bernard

in the liver and other organs (see p. 330).

Glycogen is, when pure, an amorphous powder, colourless and tasteless,

readily soluble in water, insoluble in alcohol and aether. Its aqueous solu-

tion is generally though not always strongly opalescent, but contains no

particles visible microscopically ; the opalescence is much reduced by the

presence of free alkalis. The same solution possesses, according to Hoppe-

Seyler, a very strong dextro-rotatory power ; it dissolves hydrated cupric

oxide ; but this is not reduced on boiling.

By the action of dilute mineral acids (except nitric) it is converted

into dextrose, and the same conversion is also readily effected by the

action of amylolytic ferments. It is not affected by boiling with moder-

ately strong caustic alkalis, but is however decomposed by nitric acid.

Normal lead acetate gives a cloudiness, the basic salt a precipitate, in its

solutions.

^ Ann. d. Chem. u. Pliarm. Bd. 73, p. 322.
2 Ihid. Bd. 99, p. 289.
3 Ihid. Bd. 108, p. 140.
4 Ihid. Bd. IGO, p. 333.
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As tests for this body may be used the formation of a port-wiiie colour

with iodine; tliis disappears on warming and returns on cooling. (Tbe

same colour is produced by dextrin, but tliis does not reappear on cooling

after its disappearance on warming.) Tbe above readily distinguisbes it

from starch.

Preparation of Glycogen. The following is Briicke's' method. The

filtered or simply strained decoction of liver or other glycogenic tissue is,

when cold, treated alternately with dilute hydrochloric acid, and a solution

of the double iodide of potassiimi and mercury^, as long as any precipitate

occurs. In the presence of free hydrochloric acid, the double iodide preci-

pitates proteid matters so completely as to render their separation by

filtration easy. The proteids being thus got rid of, the glycogen is precipi-

tated from the filtrate by adding alcohol to the extent of between 60 and

70 p. c. Too much alcohol is to be avoided, since other substances as well

are thereby precipitated. The glycogen is now washed with alcohol first of

60 and then of 95 per cent., afterwards with aether, and finally with

absolute alcohol. It is then dried over sulphuric acid.

Dextrin. Cg H^^ O5.

By boiling starch-paste with dilute acids, or by the action of ferments,

the starch is converted into an isomeric body, to which, from its action on

polarised light, the name dextrin has been given. It is soluble in water,

but is precipitated by alcohol. It does not undergo alcoholic fermentation

until after it has been changed into dextrose, nor can it reduce metallic

salts. It yields a reddish colour with iodine, closely resembling that

produced by glycogen, but unlike this, the colour formed when dextrin

is present does not return on cooling after its disappearance on warming.

Further action of acids or of ferments converts dextrin into dextrose.

Dextrin is present in the contents of the alimentary canal after a meal

containing starch, and has also been found in the blood. Concerning

achroodextrin and the other varieties of dextrin see p. 185.

FATS, THEIE DERIVATIVES AND ALLIES,

The Acetic Acid Series.

General formula C„ Hj,^ O2 (monobasic).

This, which is one of the most complete homologous series of organic

chemistry, runs parallel to the series of monatomic alcohols. Thus formic

1 Sitzungsher. d. Wiener Ahad. Bd. 63. (1871) 11.

2 This may be prepared by precipitating potassium iodide with mercuric chloride,

and dissolving the washed precipitate in a hot solution of potassium iodide as long

as it continues to be taken up. On cooling, some amount of precipitate occurs, which
must be filtered off ; the filtrate is then ready for use.
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acid corresponds to methyl alcoh.ol, acetic acid to ethyl (ordinary) alcohol,

and so on. The several acids may be regarded as being derived from their

respective alcohols by simple oxidation : thus ethyl alcohol yields by oxida-

tion acetic acid :—Cg He O + Og = Cg H^ O2 + Hg 0. The various members

differ in composition by CH2, and the boiling poiats rise successively by

about lO^C. Similar relations hold good with regard to their melting

points and specific gravities. The acid properties are strongest in those

where n has the least value. The lowest members of the series are volatile

liquids, acting as powerful acids; these successively become less and less

fluid, and the highest members are colourless solids, closely resembling the

neutral fats in outward appearance. Consecutive acids of the series present

but very small differences of chemical and physical properties, hence the

difficulty of separating them : this is firrther increased in the animal body

by the fact that exactly those acids which present the greatest similarities

usually occur together.

The free acids are found only in small and very variable quantities

in various parts of the body; their derivatives on the other hand form

most important constituents of the human frame, and will be considered

further on.

Formic acid. CHO . OH.

"When pure is a strongly corrosive, fuming fluid, with powerful irri-

tating odour, solidifying at 0" C, boiling at 100" C, and capable of being

mixed in all proportions with water and alcohol. It has been found

in various parts of the body, such as the spleen, thymus, pancreas, muscles,

brain, and blood; from the latter it may be obtained by the action of acids

on the hsemoglobin. According to some authors ' it occurs also in urine.

Heated with sidphuric acid it yields carbonic oxide and water; with

caustic potash it gives hydrogen and oxalic acid.

Acetic acid. C^ H3 O . OH.

Is distinguished by its characteristic odour; its boiling point is

117° C; it solidifies at 5" and is fluid at all temperatures above 15" C.

It is soluble in all proportions in alcohol and water.

It occurs in the stomach as the result of fermentative changes in the

food, and is frequently present in diabetic urine. In other organs and

fluids it exists only in minute traces.

With ferric chloride it yields a blood-red soliation, decolorised by hydrochloric acid.

(It differs iu this last reaction frora sulphocyanide of iron.) Heated with alcohol and

sulphuric acid, the characteristic odour of acetic aether is obtained. It does not

reduce silver nitrate.

1 Bulipinsky, Hoppe- Sevier's Med. Chem. Mittheilung. Heft 2, p. 2-10. Thndichum,

Journ. of the Chem. Hoc. Vol. 8, p. 400.
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Frojnonic acid. Cg Hj O . OH.

This acid closely resembles the preceding one. It possesses a very sonr

taste and pungent odour ; is soluble in water, boils at 141° C, and may be

separated from its aqueous solution by excess of calcium chloride.

It occurs in small quantities in sweat, in the contents of the stomach,

and in diabetic urine when undergoing fermentation. It is similarly pro-

duced, mixed however with other pi-oducts, during alcoholic fermentation,

or by the decomposition of glycerine. It partially reduces silver nitrate

solutions on boiling.

ButyricMcid. C4 II7 O . OH.

An oily coloiu'less liquid, with an odour of rancid butter, soluble in

water, alcohol, and sether, boiling at 162° C. Calcium chloride separates

it from its aqueous solution.

Found in sweat, the contents of the large intestine, fseces, and in urine.

It occurs in traces in many other fluids, and is plentifully obtained when

diabetic urine is mixed with powdered chalk and kept at a temperatiu'e

of 35° C. It exists, as a neutral fat, in small quantities in milk.

This is the principal product of the second stage of lactic fermentation.

(See dextrose.)

Vcderianic acid. C5 Hg . OH.

An oily liquid, of penetrating odour and burning taste; soluble in

30 parts of water at 12° C, readily soluble in alcohol and aether. Boils

at 175° C. Possesses, in the free and combined form, a feeble right-handed

rotation of the plane of polarisation.

It is found in the solid excrements, and is formed readily by the de-

composition, through putrefaction, of impure leucin, ammonia being at the

same time evolved; hence its occurrence in urine when that fluid contains

leucin, as in cases of acute atrophy of the liver.

Caproic acid. C,. Hj^ O . OH.

Caprylic „ Cg H^g O . OH.

Capric „ Cio H^g O . OH.

These three occur together {as fats) in butter, and are contained in

varying proportions in the fseces from a meat diet. The fii'st is an oily fluid,

slightly soluble in water, the others are solids and scarcely soluble in

water; they are soluble in all proportions in alcohol and sether. They

may be prepared from butter, and separated by the varying solubilities of

theii' barium salts.

Laurostearic add. C^g H23 O . OH.
Myristio „ C^^ H.^ . OH.



G02 FATS, &c. [App.

These occur as neutral fats in spermaceti, in butter and otlier fats.

Tliey present no poiats of interest.

Palmitic acid. C^g H31 . OH.
Stearic „ C^g H35 O . OH.

These are solid, colourless when pure, tasteless, odourless, crystalline

bodies, the former melting at 62" C, the latter at 69-2° C. In water they

are quite insoluble; palmitic acid is more readily soluble in cold alcohol

than stearic; both are readily dissolved by hot alcohol, sether, or chloro-

form. Glacial acetic acid dissolves them in large quantity, the solution

being assisted by warming. Tbey readily form soaps with the alkalis,

also with many other metals. The varying solubilities of their barium

salts afford the means of separating them when mixed ' : this may also

be applied to many others of the higher members of this series.

These acids in combination with glycerine (see below) together with

the analogous compound of oleic acid, form the principal constituents of

human fat. As salts of calcium they occur in the faeces and in ' adipocere,'

and probably in chyle, blood and serous fluids, as salts of sodium. They

are found in the J^ree state in decomposing pus, and iir the caseous deposits

of tuberculosis.

The existence of margaric acid, intermediate to the above two, is not now admitted,

since Heintz^ has shewn that it is really a mixture of palmitic and stearic acid.

Margaric acid possesses the anomalous melting point of 59'9'' C. A mixture of 60 parts

stearic and 40 of palmitic acids, melts at 60*3'*.

Acids of the Oleic (Acrylic) Series. H (C„ Ho„_3) 0^ (monobasic).

Many acids of this series occur as glycerine compounds in various fixed

fats. They are very unstable, and readily absorb oxygen when exjDosed to

the air. The higher members are decomposed on attempting to distil them.

Their most peculiar property is that of being converted by traces of NO2
into solid, stable metameric acids, capable of being distilled. They bear an

interesting relation to the acids of the acetic series, breaking up when
heated with caustic potash into acetic acid and some other member of the

same series:—thus.

Oleic acid. Potassium acetate. Potassium palmitate.

HCisH33 0, + 2KHO = KC2H3 02 + KCigHsiO. + H^.

Oleic acid. C^g H3J . OH.

This is tlie only acid of the series which is physiologically importaut.

It is found united with glycerine in all the fats of the human body. In

1 Heintz, Annal. d. PJiys. u. Chem. Bd. 92, p. 588.
2 Op. cit.
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tlie small intestine and chyle it exists also either as a salt of potassium, or

sodium, or, it may be, in the free state.

When pure it is, at ordinary temperatures, a colourless, odourless, taste-

less, oily liquid, solidifying at 4" C. to a crystalline mass. Insoluble in

"water, it is soluble in alcohol and sether. It cannot be distilled without

decomposition. It readily forms with potassium and sodium soaps, which are

soluble in water: its compounds Avith most other bases are insoluble. It

may be distinguished from the acids of the acetic series by its reaction

with NO^ and by the changes it undergoes when exposed to the air.

- The Neutral Fats;

These may be considered as jethers formed by replacing the exchangeable

atoms of hydrogen in the triatomic alcohol glycerine (see below), by the acid

radicals of the acetic and oleic series. Since there are three such exchange-

able atoms of hydrogen in glycerine, it is possible to form three classes of

these tethers j only those, however, which belong to the third class occiu- as

natural constituents of the human body : those of the first and second are

only of theoretical importance.

They possess certain general characteristics. Insoluble in water and

cold alcohol, they are readily soluble in hot alcohol, tether, chloroform, &c.

;

they also dissolve one another. They are neutral bodies, colourless and

tasteless when ptire; are not capable of being distilled without undergoing

decomposition, and as a result of this decomposition, yield solid and liquid

hydi'ocarbons, water, fatty acids, and a peculiar body, acrolein. (Glycerine

contains the elements of one molecule of acrolein, and two molecules of

water.)

They possess no action on polarised light.

They may readily be decomposed into glycerine and their respective

fatty acids by the action of caustic alkalis, or of superheated steam.

P TT ^
Palmitin (Tri-palmitin). ' ^ rO

The following reaction for the formation of this fat is typical for all the

others

:

Glycerine. Palmitic acid. Palmitin.

Palmitin is slightly soluble in cold alcohol, readily so in hot alcohol, or

in sether; when pure it crystallises in fine needles; if mixed with stearin, it

generally forms shapeless lumps, which when occurring crystallised were

formerly regarded as a distinct body, namely margarin. It possesses three

diiferent melting points, according to the previous temperatures to which it

has been subjected. It solidifies in all cases at 45° C.
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Preparation. From palm oil, by removing tlie free palmitic acid "witli

alcohol, and crystallising repeatedly from astlier.

Stearin (Tri-stearin). /r< -o- n\ i ^s*

This is the hardest and least fusible of the ordinary fats of the body;

is also the least soluble, and hence is the first to crystallise out from

solutions of the mixed fats. It crystallises usually in square tables. It

presents peculiarities in its fusing points similar to those of palmitin.

Preparation. From mutton suet, its separation from palmitin and olein

being effected by repeated crystallisation from sether, stearin being the least

soluble.

Olein (Tri-olein).
(^i8H^^)3|

O3.

Is obtained with difficulty in the pure state, and is then fluid at ordinary

temperatures. It is more soluble than the two preceding ones. It readily

undergoes oxidation when exposed to the air, and is converted by mere

traces of NOg into a solid isomeric fat. Olein yields, on dry distillation, a

characteristic acid, the sebacic, and is saponified with much greater diffi-

culty than are palmitin and stearin.

Preparation. From olive oil, either by cooling to 0" and pressing out

the olein that remains fluid; or by dissolving in alcohol and cooling, when
the olein remains in solution while the other fats crystallize out.

Glycerine. ix ^ ? O3.

This principal constituent of the neutral fats may, as above stated, be

looked upon as a triatomic alcohol.

When pure, glycerine is a viscid, colourless liquid, of a well-known

sweet taste. It is soluble in water and alcohol in all proportions, insoluble

in sether. Exposed to very low temperatures it becomes almost solid;

it may be distilled in closed vessels without decomposition, betvi^een

275"—280° C.

It dissolves the alkalis and alkaline earths, also many oxides, such

as those of lead and copper; many of the fatty acids are also soluble in

glycerine.

It possesses no rotatory power on polai-ized light.

It is easily recognised by its ready solubility in water and alcohol,

its insolubility in sether, its sweet taste, and its reaction with bases. The

production of acrolein is also characteristic of glycerine.

C3H8O3 - 2H2O = C3H4O (Acrolein).
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Preparation. By saponification of the various oils and fats. It is also

formed in small quantities during tlie alcoholic fermentation of sugar \

Acids op the Glycolic Series.

Running parallel to the monatomic alcohols (C^Hj^^jC^) is the series

of diatomic alcohols or glycols {G,J1^^+S).^. Thus corresj^onding to ethyl

alcohol is the diatomic alcohol, ethyl-glycol. As from the monatomic alco-

hols, so from the glycols, acids may be derived by oxidation; from the latter

(glycols) however two series of acids can be obtained, known respectively

as the glycolic and the oxalic series. The first stage of oxidation of the

glycol gives^ member of the glycolic series, thus :

Ethyl-glj'col. Glycolic acid.

C2 Hg 02 + 0, = C2 H4 O3 + Ha O, or more generally

C„ H2^2 02 + 02 = C„ H2„ O3 + H2 O.

By further oxidation a member of the glycolic series can be converted

into a member of the oxalic series, thus :

Glycolic acid. Oxalic acid.

C2 H4 03 + 02 = C2 Hg O4 + H2 0, or more generally

C„ H,„ 03-^02= C„ H2^2 O4 + H2 0.

The acids of the glycolic series are diatomic but monobasic; those of the

oxalic series are diatomic and dibasic.

The following table may be given to shew the general relationships of

alcohols and acids

:

Badical.
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less fluids, soluble in all proportions in water, alcohol and aether. They

possess an intensely sour taste, and a sti'ong acid reaction. "When heated

in solution they are partially distilled over in the escaping vapour. They

form salts -with metals, of which those with the alkalis are very soluble and

ciystallise with difficulty. The calcium and zinc salts are of the greatest

importance, as will be seen later on.

1. Ethylidene-lactic acid. This is the ordinary form of the acid, ob-

tained as the characteristic product of the well-known ' lactic fermenta-

tion'. It occurs in the contents of the stomach and intestines. According

to Heintz' it is found also in muscles, and according to Gscheidlen^ in

the ganglionic cells of the grey substance of the bx'ain. In many diseases

it is found in urine, and exists to a large amount in this excretion after

poisoning by phosphorous^.

It may be prepared by the general methods of slowly oxidising the corresponding

glycol or by acting on the monochloriuated pro]3ionic acid with moist silver oxide.

In obtaining it from the products of lactic fermentation, the crusts of zinc lactate

are purified by several ciystallisations, and the acid liberated from the compound by

the action of sulphuretted hydrogen.

2. Ethylene-lactic acid. This acid is foimd accompanying the one next

to be described, in the watery extract of muscles. From this it is separated

by taking advantage of the different solubilities of the zinc salts of the

two acids in alcohol. It seems probable, however, that it has not yet

been prepared in the pure state by this method.

Wislicenus first obtained this acid by heating hydi-oxycyanide of ethylene with

aqueous solutions of the alkalis *.

The same observer found it also in many pathological fluids.

3. Sarcolactic acid. This acid has not yet been procured synthetically.

As its name implies, it is that foi-m of the acid which occurs in muscles,

and hence exists in large quantities in Liebig's 'extract of meat'. It is

often found also in pathological fluids. This is the only acid of this series

which possesses any power of rotating the plane of polarised light; it is

otherwise indistinguishable from the preceding ethylidene-lactic acid, and is

generally represented by the same formula. The free acid has dextro-, the

anhydiide Isevo-rotatory action. The specific rotation for the zinc salt in

solution is — T'GS" for yellow light.

The zinc and calcium salts of sarcolactic acid are more soluble both in

water and alcohol, than those of ethylidene-lactic acid, but less so than

1 Ann. d. CJiem. u. Pharm. Bd. 157, p. 320.
2 Pfliiger's Archiv, viii. 171.
' Schultzen and Eiess, Ueber acute PJw.iphorverr/iftung.
* Ann. d. Chem. «. Pharm. Bd. 128, p. 6.
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those of ethylene-lactic acid; and the same salts of ethylene-lactic acid

contain more water of crystallisation than those of the other two.

Heintz^ has compared the above acids to the modifications capable of existing in

tartaric acid^.

Hydracrylic acid, the fourth in this series of lactic acids, is distinguished by the

nature of its decomposition on heating. It is never found as a constituent of animal

bodies.

Oxalic Acid Series.

Oxalic acid. H^ C^ O4.

In the free state this acid does not occur in the human body. Calcium

oxalate, however, is a not unfrequent constituent of urine, and enters into

the composition of many urinary calculi, the so-called mulberry calculus

consisting almost entirely of it. It may also occur in fseces, and in the

gall bladder, though this is rarely observed.

As ordinarily precipitated from solutions of calcium salts by ammonium

oxalate, calcium oxalate is quite amorphous, but in urinary deposits it

assumes a strongly chai'acteristic crystalline form, viz. that of rectangular

octohech'a. In some cases it presents the anomalous forms of rounded

lumps,dumb-bells, or square columns with pyramidal ends. It is insoluble in

water, alcohol and sether, also in ammonia and acetic acid. Mineral acids

dissolve this salt readily, as also to a smaller extent do solutions of

sodium phosphate or urate. All the above characteristics serve to detect

this salt; its microscopical appearance, however, is generally of most use

for this purpose.

The pure acid is prepared either by oxidising sugar with nitric acid,

or decomposing ligneous tissue with caustic alkalis.

Succinic acid. Hj C4 II4 O4.

This is the third acid of the oxalic series, being separated from oxalic

acid by the intermediate malonic acid, Hj C3 Hg O4. It occurs in the

spleen, the thymus, and thyroid bodies, hydrocephalic and hydrocele fluids.

According to Meissner and Shepard^, it is found as a normal constituent of urine.

This is contested by Salko'wski'*, and also by von Speyer. It seems probable how-

ever, that since wines and fermented liquors contain succinic acid, and this latter

passes unchanged into the urine, that it may thus be occasionally present in this

excretion.

Su.ccinic acid crystallises in large rhombic tables, also at times in the

form of large prisms: they are soluble in 5 parts of cold water, and 2*2

1 Op. cit.

2 See further, Wislicenus, Op. cit. Also Ann. d. Chem. u. PJiarm. Bd. 166, p. 3. Bd.
167, p. 302, and Zeitschr. f. Chem. xiii. S. 159.

3 Untersuch. iiber d. Entsteh. d. Hippnrsdure. Hannover, 1866.
4 Archiv d. Phys. Bd. 2, p. 367, and Bd. 4, p. 95.
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of boiling, slightly soluble ia alcobol, and almost insoluble ia jether. The

crystals melt at 180" C, and boil at 235" C, being at the same time decom-

posed iato the anhydride and water. The alkali salts of this acid are

soluble in water, insoluble in alcohol and aether.

Preparation. Apart from the synthetic methods, it may readily be

obtained by the fermentation of calcium malate, acetic acid being produced

simultaneously.

Its presence is recognised by the microscopic examination of its crystals,

and its characteristic reaction with normal lead acetate. With this it

gives a precipitate, easily soluble in excess of the precipitant, but coming

down again on warming and shaking \

Cholesterin. (C„e H44 0.)

This is the only alcohol which occurs in the human body in the

free state. (The triatomic alcohol glycerine is almost always found com-

bined as in the fats; and cetyl-alcohol, or sethal, is obtained only from

spermaceti.) It is a white crystalline body, crystallising in fine needles

from its solution in sether, chloroform or benzol; from its hot alcoholic

solutions it is deposited on cooling in rhombic tables. When diied it

melts at 145°, and distils in closed vessels at 360". It is quite insoluble

in water and cold alcohol ; soluble in solutions of bile salts.

Solutions of cholesterin possess a left-handed rotatory action on polarised

lifht, of — 32° for yellow light, this being independent of concentration and

of the nature of the solvent.

Heated with strong sulphuric acid it yields a hydi-ocarbon; with con-

centrated nitric it gives cholesteric acid and other products. It is capable

of uniting with acids and forming compound sethers.

Cholesterin occurs in small quantities in the blood and many tissues,

and is present in abundance in the white matter of the cerebro-spinal axis

and in nerves. It is a constant constituent of bile, forming frequently

nearly the whole mass of gall stones. It is found in many pathological

fluids, hydrocele, the fluid of ovarial cysts, &c.

Preparation. From gall-stones by simple extraction with boiling alcohol,

and treatment with alcoholic potash to free from extraneous matter.

As tests for this substance may be given :—With concentrated sulphuric

acid and a little iodine a violet colour is obtained, changing through green

to red. This is applicable to the microscopic crystals. After dissolving

in sulphuric acid a blood red solution is formed on the addition of chloro-

form, changing to pxirple and finally becoming colourless; the sulphuric acid

1 For further particulars see Meissner, Op. cit. and Meissner and Solly, Zeitschr. f.

rat. Med. (Sj Bd. -Zi, p. 'J7.
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under the chloroform has a green fluorescence. After evaporation to diy-

ness with nitric acid, the residue turns red on treating with ammonia.

This body is- described here rather for the sake of convenience than from its

possessing any close relationship to the substances immediately preceding.

Complex Nitrogenous Fats,

Lecithin. C44 Hgg NPO9.

Occurs widely spread throughout the body. Blood, bile, and serous

fluids contain it in small quantities, while it is a conspicuous component of

the brain, nerves, yolk of egg, semen, pus, white blood corpuscles, and the

electrical organs of the ray.

When pure, it is a coloiarless, slightly crystalline substance, which can be

kneaded, but often crumbles during the process. It is readily soluble in

cold, exceedingly so in hot alcohol; aether dissolves it freely though in. less

quantities, as also do chloroform, fats, benzol, carbon disulphide &c. It is

often obtained from its alcoholic solution, by evaporation, in the form of

oily drops. It swells up in water and in this state yields a flocculent

precipitate with sodium chloride.

Lecithin is easily decomposed; not only does this decomposition set in

at 70° C, but the solutions, if merely allowed to stand at the ordinary

temperature, acquire an acid reaction, and the substance is decomposed.

Acids and alkalis, of course, efiect this much more rapidly. If heated

with baryta water it is completely decomposed, the products being, neurin,

glycerinphosphoric acid, and barium stearate. This may be thus repre-

sented:

—

Lecithin, Stearic acid.
Glycerinj^hosphoric

^^^^.^^

C«H,oNPO, + 3H,0 = 2C,,IL,,0, + CJI^VO, + C^H^^NO^.

When treated in an sethereal solution with dilute sulphuric acid, it is

merely split up into' neurin and distearyl-glycerinphosphoric acid. Hence
Diakonow^ regards lecithin as the distearyl-glycerinphosphate of neurin,

two atoms of hydrogen in the glycerinphosphoric acid being replaced by the

radical of stearic acid. It appears also that there probably exist other

analogous compounds in which the radicals of oleic and palmitic acids

take part.

Preparation. Usually from the yolk of egg, where it occurs in union

with vitellin. Its isolation is complicated, and the reader is referred to

Hoppe-Seyler^

1 Hoppe-Seyler, Med. chem. Untersuch. Heft 2, 1867, Heft 3, 1868, Centralb. f. d.

Med. Wiss. Nr. 1. 7 u. 28.

2 Med. chem. Untersuch. Tubingen, Heft 2, 1867.

F. P. 39
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Glycerinphosplioric acid. CgHgPOg.

Occurs as a product of the decomposition o£ lecithin, and hence is found

in those tissues and fluids in which this latter is present : in leuchsemia the

urine is said to contain this substance. It has not been obtained in the

solid form. It has been produced synthetically by heating glycerine and

glacial phosphoric acid ; it may be regarded as formed by the union of one

molecule of glycerine with one of phosphoric acid, with elimination of one

molecule of water. It is a dibasic acid; its salts with baryta and calcium

are insoluble in alcohol, soluble in cold water. Solutions of its salts are

precipitated by lead acetate.

murin. (Cholin) CgHisNOa.

Discovered by Strecker^ in pig's-gall, then in ox-gall. It does not

occur either in the free state or apart from lecithin. It is a colourless

fluid, of oily consistence, possesses a strong alkaline reaction, and forms

with acids very deliquescent salts. The salts with hydrochloric acid and

the chlorides of platinum and gold are the most important.

Neur'in is a most unstable body, mere heating of its aqueous solution

sufficing to split it up into glycol, trimethylamin and ethylene oxide.

Preparation. From yolk of Qg^,. For this see Diakonow^.

Wurtz ^ has obtained it synthetically, first by the action of glycol hydrochloride on

trimethylamin, and then by that of ethylene oxide and water on the same substance.

The above, together with the mode of its decomposition, point to the idea that neurin

may be regarded as trimethyl-oxyethyl-ammonium hydrate, N(CH3)3 (C2HgO)OH.

Cerebrin. C17H33NO3O).

Is found in the axis cylinder of nerves, in pus corpuscles, and largely

in the brain. In former times many names were given to the substance

when in an impure state, e.g. cerebric acid, cerebrote &c. W. Miiller* first

prepared it in the pure form, and constructed the above formula from his

analysis; the mean of these is 0, 15-85. H, 11-2. N, 4-5. C, 68-45.

Great doubts are however thrown upon its purity, by the researches of

later observers. According to Liebreich^ and Diakonow'', it is a glucoside.

Cerebrin is a light, colourless, exceedingly hygroscopic powder, which

swells up strongly in water, slowly in the cold, rapidly on heating. When
heated to 80" it turns brown, and at a somewhat higher temperature melts,

bubbles up and finally burns away. It is insoluble in cold alcohol, or sether
;

warm alcohol dissolves it easily. Heated with dilute mineral acids, cerebrin

1 Ann. d. Chem. u. Pharm. Bd. 123, S. 353. Bd. 148, S. 76.

2 Op. cit.

3 Ann. d. Chem. u. Pharm. Sup. Bd. 6, S. 116 u. 197.

* Ann. d. Chem. u. Pharm. Bd. 105, S. 361.
6 Arch. f. patliol. Anat. Bd. 39, 1867.

6 Centralb.f. d. Med. Wiss. 1868, Nr. 7.
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yields a stigar-like body, possessing left-handed rotation, but incapable of

fermentation.

Preparation. For this see "W. Muller\

Liebreich^ has described a body wbicli he calls protagon, and this at one time

was regarded as the essential constituent of the brain. It seems probable however

that it is merely a mixture of lecithin and cerebrtu^.

NITROGENOUS METABOLITES.

The Urea Group, Amides, and similar Bodies.

Urea. XSH^j.^CO.

The chief constituent o£ normal urine in mammalia, and some other

animals; the urine of birds also contains a small amount. Normal

blood, serous fluids, IjTnph and the liver, all contain the same body iii

traces.. It is not found in the muscles, though bodies capable of direct

transformation into urea do exist there.

When pure it crystallises from a concentrated solution in the form of

long, thin, glittering needles. If deposited slowly from dilute solutions,

the form is that of four-sided prisms with pyramidal ends ; these are always

anhydrous. It possesses a somewhat bitter cooling taste, like saltpetre. It

is readily soluble in water and alcohol, the solutions being neutral. In an-

hydrous sether it is insoluble. The crystals may be heated to 120° C without

being decomposed; at a higher temperature they are first liquefied and

then burn, leaving no residue. Heated with strong acids or alkalis,

decomposition ensues, the final products being carbonic anhydride and

ammonia. The same decomposition may also occur as the result of the

action of a specific ferment on urea in an aqueous solution*. Nitrous

acid at once decomposes it into carbonic anhydride and free nitrogen. It

readily forms compounds with acids and bases ; of these the following are

of importance.

Witrate of urea. (NHa)^CO . HNO3.

Crystallises in six-sided or rhombic tables. Insoluble in setber and

nitric acid, soluble in water, slightly soluble in alcohol.

Oxalate of urea.
(
(NH^). CO)^ . H^ C^ O4 -h H^ O.

Often crystallises in long thin prisms, but under the microscope is

obtained in a form closely resembling the nitrate ; it is slightly soluble in

water, less so in alcohol.

1 Op. cit.

2 Ann. d. Chem. u. Pharm. Bd. 134, S. 29.

^ Hoppe-Seyler and Diabonow, Op. cit.

^ Musculus, Pfluger's Archiv, sii. 214.

39—2
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Witli mercui'ic nitrate iirea yields three salts, containing respectively 4,

3 and '2 equivalents of mercury to one of urea. The first is the precipitate

formed in Liebig's quantitative determination of urea. The exact con-

stitution of these salts has not yet been determined.

Preparation. Ammonium sulphate and potassium cyanate are mixed

toofether in aqueous solution, and the mixture is evaporated to dryness.

The residue extracted with absolute alcohol yields urea. From urine,

either by evaporating to dryness, and then extracting with alcohol, or

concentrating only to a syrup, and then forming the nitrate of urea ; this is

washed with nitric acid and decomposed with barium carbonate.

Detection in Solutions. In addition to the microscopic appearances of

the crystals obtained on evaporation, the nitrate and oxalate should be

formed and examined. Another part should give a precipitate with mer-

curic nitrate, in the absence of sodium chloride, but not in the presence of

this last salt in excess. A third portion is treated with nitric acid

containing nitrous fumes ; if urea is pi-esent, nitrogen and carbonic anhy-

dride will be obtained. To a fourth part nitric acid in excess and a

little mercury are added, and the mixtiu-e is warmed. In presence of

urea a colourless mixture of gases (N and COg) is given ofi". A fifth

portion is kept melted for some time, dissolved in water, and cupric

sulphate and caustic soda are added; a red or violet colour, due to biiu-et,

is developed.

Urea is generally considered as being an amide of carbonic acid. The

amide of an acid is formed when water is removed from the ammonium

salt of the acid; if the acid be dibasic and two molecules of water be

removed, the result is often spoken of as a diamide. Thus if from am-

monium carbonate, (NH4)„C0j, two molecules of water, QH^O, be removed,

carbonic acid beiag a dibasic acid, the result is urea; thus :

(N"H,)2C03 - 2H,0 = (NH,),CO,

which may be written either according to the ammonia type as

H.In, or as CO / ^^^
h;j

' ^™^

two atoms of amidogen (NHj) being substituted for two atoms of hy-

droxyl (HO).

The connection between carbonic acid, and urea is shewn by the fact

that not only may urea be formed out of ammonium carbamate by dehy-

dration, but also ammonium carbonate may be formed out of urea by hydra-

tion, as when urea is subjected to the specific ferment mentioned above.

Regarded then as a diamide of carbonic acid, urea may be spoken of as

carbamide. Kolbe however is inclined to regard it, not as the diamide of
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carbonic acid, but as tbe amide of carbamic acid. Ammonium carbamate,

COaN^Hg minus Tijd, gives urea, CO, ISTo, H4—which, if carbamic acid be

written as CO, OH, NHo, may be written as CO, NHg, NHg, one atom

of amidogen being substituted for one atom of hydroxyl, and not two,

as when the substance is regarded as derived from carbonic acid. For

the bearing of this difference of deriva^tion see p. 352.

Wanklyn and Gamgee^ however, since urea when heated with a large

excess of potassium perrnanganate gives off all its nitrogen in a free state

and not in the oxidized form of nitric acid, as do all other amides, conclude

that it is not an amide at all, that it is isomeric only and not identical with

carbamide.

It is important to remember that urea is also isomeric with ammonium

cyanate, C-^ Q]sq-jj and indeed was first formed artificially by Wohler

from this body. We thus have three isomeric compounds, ammouium
cyanate, urea, and carbamide, related to each other in such a way that urea

may be obtained readily either from ammonium cyanate or from ammo-

nium carbamate, and may with the greatest ease be converted into ammo-

nium carbonate. Now urea is a much more stable body than ammonium

cyanate, and in the transformation of the latter into the former, energy is

set free; and it is worthy of notice that though the presence of sulpho-

cyanides in the saliva probably indicates the existence of cyanic residues in

the body, the nitrogenous products of the decomposition of proteids belong

chiefly to the class of amides, cyanogen compounds being rare among them.

Pfliiger* has called attention to the great molecular energy of the cyanogen

compounds, and has suggested that the functional metabolism of proto-

plasm by which energy is set free, may be compared to the conversion of

the energetic unstable cyanogen compounds into the less energetic and

more stable amides. In other words, ammonium cyanate is a type of living,

and urea of dead nitrogen, and the conversion of the former into the latter

is an image of the essential change which takes place when a living proteid

dies.

Compound ureas. The hydrogen atoms of tirea can be replaced by alcohol aiwJ

acid radicals. The results are compound ureas. Many of them are called acids, since

the hydrogen from the amide group, if not all replaced as above, can be replaced by

a metal. Thus the substitution of oxalyl (oxalic acid) gives parabanic acid,

(CO

Na^Hj or CO, NH„, N . CjOg;

of tartronyl (tartronie acid), dialuric acid, CO, NHg, N . C3H2O3 ; of mesosalyl (mesoxahc

acid), alloxan, CO, NH2, N . C3O3. These bodies are interesting as being also obtained

by the artificial oxidation of mic acid.

^ Journ. Chem. Soc. 2, Vol. vi. p. 25.

2 Pfliiger's Archiv, x. 337..
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Uric acid. Cg H^ N4 O3.

The chief constituent of the urine in birds and reptiles; it occurs only

sparingly in this excretion in man and most mammalia. It is normally

present in the spleen, and traces of it have been found in the lungs, muscles

of the heart, pancreas, brain and liver. Urinary and renal calculi often

consist largely of this body, or its salts. In gout, accumulations of uric

acid salts may occur in various parts of the body, forming the so-called

gouty concretions.

It is when pure a colourless, crystalline powder, tasteless, and without

odoiu-. The crystalline form is veiy variable, but usually tends towards

that of rhombic tables \ "When impure it ciystallises readily, but then

possesses a yellowish or brownish colour. In water it is very insoluble

(1 in 14,000 or 15,000 of cold water); sether and alcohol do not

dissolve it appreciably. On the other hand, sulphuric acid takes it-

up without decomposition, and it is also readily soluble in many salts of

tlie alkalis, as iu the alkalis themselves. Ammonia however scarcely

dissolves it.

Salts of Uric acid. Of these the most important are the acid urates of

sodium, potassium, and ammonium. The sodium salt crystallises in many

different forms, these not being characteristic, since they are almost the

same for the corresponding compounds of the other two bases. It is very

insoluble ia cold water (1 ia 1100 or 1200), more soluble in hot (1 in 125).

It is the priucipal constituent of several forms of urinary sediment, and

composes a large part of many calculi; the excrement of snakes contains it

largely. The potassium resembles the sodium salt very closely, as also does

the compound with ammonium; the latter occurs generally in the sediment

from alkaline uriae.

Prepa/ration. Usually from guano, or snake's excrement. From guano

by boiling with caustic potash (1 part alkali to 20 of water) as long as

ammonia is evolved. In the filtrate a precipitate of acid urate of potas-

sium is formed by passing a current of carbonic anhydride, and this salt is

then decomposed by excess of hydrochloric acid.

The presence of uric acid is recognised by the following tests. The sub-

stance having been examined microscopically, a portion is evaporated ca/re-

fully to dryness with one or two drops of nitric acid. The residue will, if

uric acid is present, be of a red colour, which on the addition of ammonia

turns to purple. This is the murexide test, and depends on the presence

of alloxan and alloxantin in the residue. Schiff^ has given a delicate

reaction for uric acid. The substance is dissolved in sodic carbonate, and

dropped on paper moistened with a silver salt. If uric acid be present

1 See Ultzmann and K. B. Hoffmann, Atlas der Harnsedimente, Wien, 1872.
2 Ann. d. Chem. u. Pharm. 109, p. 65.
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a brown stain is formed, due to the reduction of tlie silver caj-bonate.

An alkaline solution of uric acid can, like dextrose, reduce cupric sulphate,

with precipitation of the cupi'ous oxide.

Unlike urea, uric acid cannot be formed artificially; and unlike urea

and the urea compounds, it resists very largely the action of even strong

acids and alkalis. This last fact would seem to indicate that urea residues

do not pre-exist in uric acid; nevertheless by oxidation uric acid does give

rise not only to ordinary urea, but also, and at the same time, to the com-

pound ureas spoken of above. Thus by oxidation with acids,

Uric acid. Alloxan. Urea.

CsH.N^Og + H2O + O = C4N2HP4 + CN^H^O ;

Now alloxan, as was stated above, is a compound urea, viz. mesoxalyl-

urea, and by hydration can be converted into mesoxalic acid and urea, thus :

Alloxan. Mesoxalic acid. Urea.

C^N^H^O, + 2H,0 = CsH^Og -f- CN,H,0

;

and by the action of chlorine uric acid can be split up directly into a

molecule of mesoxalic acid and two molecules of urea

:

Uric acid. Mesoxalic acid. Urea.

C5H4NP3 + Q\ + 4H2O = C3 H2 O5 -t- 2CN,Hp + 2HC1.

By oxidation with alkalis, uric acid is converted into allantoin and

carbonic acid,

Uric acid. Allantoin.

CgH^NPa -(- H2O + O = C4H5N4O3 + CO2

;

and allantoin, by hydration, becomes allanturic or lantanuric acid and urea,

Allantoin. Urea. Allanturic acid.

C4H6l^^403 + H2O = CH4N2O 4- CsH.N^O.

Now allanturic acid is a compound urea, with a residue of glyoxylic

acid. By other oxidations of uric acid, parabanic acid (oxalyl-urea), ox-

aluric acid (which is hydrated parabanic acid), and dialuric acid (tartronyl-

urea) are obtained. In fact all these decompositions of a molecule of uric

acid lead to two molecules of urea and a carbon acid of some kind or other.

There are however reasons for thinking that before the urea can be

obtained from the uric acid a molecular change takes place ; that part of the

nitrogen of uric acid exists as a cyanogen residue, which on the splittiiig

tip of the uric acid is converted into the same condition as the rest of the

nitrogen, viz. into the amide condition. It has been supposed indeed that

uric acid is tartronyl cyanamide, in which two molecules of amidogen have

been replaced by the radical of tartronic acid, and two others by two

atoms of cyanogen, thus

:

(NH),(CN),C3H,03 or N^ i(CN),

'
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If this be so, since tlie metabolism of the animals in which uric acid re-

places urea camiot be supposed to be fundamentally different from that

of the urea-producing animals, we may infer that the antecedent of both

uric acid and m-ea in the regressive metabolism of proteids is, as we sug-

gested above, a body containing some at least of its nitrogen in the form of

cyanogen,

K7'eatin. C4 Hg N3 Oj.

Occurs as a constant constituent of the juices of muscles, though possibly

it may be formed during the process of extraction by the hydration of

kreatinin. Kreatin is not a normal constituent of urine, but it is said to

occur in traces in several fluids of the body. When found in urine

its presence is probably due to the conversion of kreatinin, a constant con-

stituent of tu'ine, into kreatin during its extraction, since Dessaignes'

has shewn that the more rapidly the separation is effected, the less is

the quantity of kreatin obtained, and the greater the amount of kreatinin,

111 the anhydrous form it is white and opaque, but crystallises with

one molecule of water in colourless transparent rhombic prisms. It

possesses a somewhat bitter taste, is soluble in cold, extremely soluble

in hot water, is less soluble in absolute than in dilute alcohol, and is

insoluble in aether.

It is a very weak base, scarcely neutralising the weakest acids. It

forms crystalline compounds with sulphuric, hydrochloric and nitric acids.

Preparation. From extract of muscle by precipitating completely

with basic lead acetate, and crystallising out the kreatin, mixed with

kreatinin. From this latter it is separated by the formation of the zinc-

salt of kreatinin, kreatin not readily yielding a similar compound.

Kreatin may be converted into kreatinin under the influence of acids, the trans-

formation being one of simple dehydration.

Kreatin may be decomposed into sarcosin (methyl-glycin) and urea

C^HgNjO, 4-Hp = C3H7NO2 -I- CH4N2O ;

it may be formed synthetically ^ by the action of sarcosin and cyanamide :

C3H7NO2 + CH2N2 = C4H9N3O2.

Sarcosin is glycin in which one atom of hydrogen has been replaced by

the alcohol radical methyl, thus

:

glycin 2 3 I o becomes ^ r^ ^> \ O

;

JN ±±2 j JN ±12 j

like glycin, sarcosin has not been found in a free state in the body.

1 J. Pharm. (3) xxxii. p. 41.
* Sitzungsber. d. bayersch. Akad. 1868, Hft. 3, p. 472.
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Kreatinin. C4 H^ N3 0.

This, whicli is simply a dehydrated form of kreatin, occurs normally

as a constant constituent of urine and of muscle extract. It crystallises

in colourless shining prisms, possessing a strong alkaline taste and reaction.

It is readily soluble in cold water (1 in 11 '5), also in alcohol, but is

scarcely soluble in sether. It acts as a powerful alkali, forming with acids

and salts compounds which crystallise well. Of these the most important

is the salt with zinc chloride (C^HylsrsO)^ Zn Gig. It is formed when a

concentrated solution of the chloride is added to a not too dilute solution

of kreatinin. Since the compound is very little soluble in alcohol, it is

better to use alcoholic rather than aqueous solutions. It crystallises in

warty lumps composed of aggregated masses of prisms, or fine needles.

Preparation. Either by the action of acids on kreatin, or from human

urine by concentrating, and precipitating with lead acetate ; in the filtrate

from this, a second precipitate is caused by the addition of mercuric

chloride, and consists of a compound of this salt with kreatinin. The

mercury is removed by sulphuretted hydrogen, and the kreatinin purified

by the formation of the zinc salt, and washing with alcohol.

Kreatinin-zinc chloride niay te converted into kreatin, by the action of hydrated

oxide of lead on its boiling aqueous solution.

A llantoin. C4 Hg N4 Og.

The characteristic constituent of the allantoic fluid of the foetus; it

occurs also in the urine of animals for a short period after their birth.

Traces of it are sometimes detected in this excretion at a later date.

It crystallises in small, shining, colourless prisms, which are tasteless

and odourless. They are soluble in 160 parts of cold, more soluble in hot

water, insoluble in cold alcohol and sether, soluble in hot alcohol. Car-

bonates of the alkalis dissolve them, and compounds may be formed of

allantoin with metals but not with acids.

Allantoin, as already stated, p, 615, is one of the products of the oxida-

tion of uric acid, and by further oxidation gives rise to urea.

Preparation. This is best done by the careful oxidation of uric acid

either by means of potassium pei-manganate or ferrocyanide, or by lead

oxide. ...
Hypoxanthin or Sarkin. C^TL^E^O.

Is a normal constituent of muscles, occurring also in the spleen,

liver, and medulla of bones. In leuchsemia it appears in the blood and

urine. It crystallises in fine needles which are soluble in 300 parts of cold,

more soluble in hot water, insoluble in alcohol, soluble in acids and alkalis.

It forms crystalline compounds with acids and bases. It is precipitated

by basic acetate of lead, the precipitate being soluble in a solution of the
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normal acetate. Its preparation from mnscle-extract depends on its pre-

cipitation first by basic acetate of lead, and then by an ammoniacal solu-

tion of silver nitrate after tbe removal of kreatin.

Xanthin. Cj II4 !N"4 Og.

First discovered in a urinary calculus, and called xanthic oxide. More

recently it has been found as a normal, though scanty, constituent of urine,

muscles, and several organs, such as the liver, spleen, thymus, &c.

When precij)itated by cooling from its hot, saturated, aqueous solution

it falls in white flocks, but if the solution be allowed to evaporate slowly

it is obtained in small scales. When pure it is a colourless powder, very

insoluble in water, requiring 1500 times its bulk for solution at 100" C.

Insoluble in alcohol and sether, it readily dissolves in dilute acids and

alkalis, forming crystallisable compounds.

Hypoxanthin by oxidation becomes xanthin. Both these bodies, as

well as the following, guanin and camin, are evidently closely allied to

uric acid ; indeed, uric acid by the action of sodium-amalgam may be con-

vex^ted into a mixtxrre of xanthin and hypoxanthin.

Preparation. It is obtained from urine and the aqueous extract of

muscle by a process similar to that for hypoxanthin, and is then separated

li'om the latter by the action of dilute hydrochloric acid ; this separation

depends on the difierent solubilities of the hydrochlorates of the two bodies.

For fiirther information see Neubauer \

Carnin. Cy Hg ^4 O3.

Discovered by Weidel ^ in extract of meat, of which it constitutes about

one per cent.

It crystallises in white masses composed of very small irregular crystals

;

it is soluble with difficulty in cold, more easily soluble in hot water, in-

soluble in alcohol and sether. Its aqueous solution is not precipitated by

normal lead acetate, but is by the basic acetate of this metal. It unites

with acids and salts forming crystalline compounds.

Preparation. Is found in the precipitate caused in extract of meat by

basic acetate of lead ^

This body possesses an interesting relation to hypoxanthin, into which it may he

converted by the action either of nitric acid or, still better, of bromine.

Guanin. C^ H5 Ng 0.

First obtained from guano, but recently observed as occurring in small

quantities in the pancreas, liver and muscle extract.

^ Ham-Analyse, 7 Ed. p. 24.
^ Ann. d. Chem. u. Pharni. Bd. 158, p. 3G5.
2 bee Weidel, Op. cit.
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It is a wMte'amorplious po-wder, insoluble in water, alcohol, sether and

ammonia. It iinites with, acids, alkalis and salts to form crystallisable

compounds.

Preparation. From guano by boiling successively with milk of lime

and caustic soda, precipitating with acetic acid, and purifying by solution

in hydrochloric acid and precipitation by ammonia.

Guanin may, by the action of nitrous acid, be converted into xanthin.

By oxidation it can be made to yield principally guanidine and parabanic

acid, accompanied however by small quantities of lu-ea, xanthin and oxalic

acid.

Its separation from hypoxanthin and xanthin depends on its insolubility

in water and behaviour with hydrochloric acid.

Kynurenic acid. C^g 'H-^^ Ng Og + 2H2 O.

Found in the urine of dogs, and first described by Liebig ^ When pure

it crystallises in brilliant white needles, insoluble in cold, soluble in hot

alcohol. The only salt of this body which crystallises well is that formed

with barium. For preparation and other particulars see Liebig" and

Schultzen and Schmiedeberg^.

Glycin. Cg Hg (NHj) (OH). Also called Glycocoll and Glycocine.

Does not occiu' in a free state in the human body, but enters into the

composition of many impoi-tant substances, e. g. hippuric and bile acids.

It crystallises in large, colom-less, hard rhombohedi-a, which are easily

soluble in- water, insoluble in cold, slightly soluble in hot alcohol, insoluble

in sether. It possesses an acid reaction, but a sweet taste. It has also the

property of uniting with both acids and bases, to form crystallisable com-

pounds. In this it exhibits its amide nature, and that it is an amide

is rendered evident from the methods of its synthetic preparation; thus

mono-chlor-acetic acid and ammonia give glycin and ammonium chlo-

ride :—C2H3CI O2 + 2NH3 = CJI,(NH2)0(0H) + NH.Cl. It is amido-acetic

acid. Heated with caustic baryta it yields ammonia and methylamine.

Preparation. From glutin by the action of acids or alkalis; from

hippuric acid by decomposing this with hydrochloric acid at a boiling

temperature and removing by precipitation the simultaneously foi'med

benzoic acid,

Taurin. C2H7NO3S.

In addition to entering into the composition of taurocholic (see p. 625)

acid, taurin is foiind in traces in the juices of muscle and of the lungs.

1 Ann. d. CJiem. u. Pharm. Bd. 86, p. 125. and Bd. 108, p. 334.
^ Op. cit. 3 j^jin. d. Chevi. u. Pharm. Bd. 114, p. 155.
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It crystallises in colourless, regular, six-sided prisms; these are readily

soluble in water, less so in alcohol. The solutions are neutral. It is a

very stable compound, resisting temperatures of less than 240" C; it is

not acted on by dilute alkalis and acids, even when boiled with them.

It is not precipitated by metallic salts.

Taurin. is amido-isethionic acid; and may be synthetically prepared

from isethionic (ethyl-sulphuric) acid by the action of ammonia; thus:

IsetMonic acid. Ammonia. Taurin.

^'^'JSO, + NHg = ^ ^480, + H,0.Hj ' ' NHJ ' '

Preparation. As a product of the decomposition of bile, and is purified

by removing any traces of bile acids by means of lead acetate, and then

successively crystallising from water.

Leucin. Cg Hjg NOg.

Is one of the principal products of the decomposition of nitrogenous

matter, either under the influence of putrefaction or of strong acids and

alkalis. It occurs however normally in the pancreas, spleen, thymus,

thyroid, salivary glands, liver, &c., and is one of the products of the tryptic

(pancreatic) digestion of proteids; in acute atrophy of the liver it is present

in the urine in large quantity, in company with tyrosin.

As usiially obtained in an impiire form it crystallises in rounded lumps

which are often collected together, and sometimes exhibit radiating stria-

tion. When pure, it forms very thin, white, glittering flat crystals. These

are easily soluble in hot water, less so in cold water and alcohol, insoluble

in gether. They feel oily to the toiich, and are without smell and taste.

Acids and alkalis dissolve them readily, and crystallisable compounds are

formed.

Carefully heated to 170" it sublimes, but at a higher temperature is decomposed

yielding amylamin, carbonic anhydride and ammonia. In the presence of putrefying

animal matter it splits up into valerie acid and ammonia ; in this it exhibits its amide

nature.

Leucin is amido-caproic acid, and may be written thus :

nhJ
•

Freparation. From horn-shavings by boiling with sulphuric acid,

neutralising with baryta and separating from tyrosin by successive crys-

tallisation. See also Kuhne\

Scherer has given the following test for leucin. The suspected sub-

stance is evaporated carefully to dryness with nitric acid ; the residue, if it

1 Yirchow's Arcldv, Bd. 39, S. 130.
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is leucin, will be almost transparent and turn yellow or brown on the

addition of caustic soda. If heated again with the alkali an oily di'op

is obtained, which is quite characteristic of this substance. Leucin, if not

too impui-e, may be easily recognised by its subliming on being heated;

a characteristic odour of amylamin is at the same time evolved.

Cystin. C3H7NSO,.

Is the chief constituent of a rarely occurring urinary calculus in men

and dogs. It may also occur in renal concretions, and in gravel.

Erom calculi it is obtained, by extraction with ammonia, as colourless

six-sided tables or rhombohedi-a, which are neutral and tasteless. It is

insoluble in: water, alcohol and aether, soluble in ammonia and the other

alkalis, and also in mineral acids-. The fact that this body is one of the

few crystalline substances, occurring physiologically, which contain sulphur,

renders its detection very easy. Apart from its insolubility in water,

&c., it yields with caustic potash and salts of either silver or lead, a

brown colouration due to the presence of the sulphides of these metals.

According to Dewar and Gamgee^ cystin is amido-sulpho-pyi'uvic acid, and its

formula is CjHjNSOn—pyruvic being lactic acid minus two atoms of hydrogen.

The Aromatic Series.

Benzoic acid. HCj Hg 0^.

This is not found as a normal constituent of the body, but owes its

presence in urine to the decomposition of hippuric acid, whereby glycin

and benzoic acid are formed

:

Hippuric acid. Glycin. Benzoic acid.

C2 H, (C7 Hg 0) NO2 + H, = C, Hg NO, + C, H^ 0,.

The sublimed acid is generally crystallised in fine needles, which are

light and glistening; any odour they possess is not due to the acid, but to

au essential oil, with which they are mixed. When precipitated from

solution, the crystalline form is always indistinct. This acid is soluble in

200 parts cold^ or 25 parts of boiling water, but is easily soluble in alcohol

or sether. It sublimes readily at 145° C; it also passes off in the vapours

arising from its heated solutions.

Preijaration. Either as above from hippuric acid by fermentation, or

the action of hydrochloric acid, or by sublimation from gum-benzoin.

Tyrosin. C9H11NO3.

Generally accompanies leucin, and is perhaps found normally in small

quantities in the pancreas and spleen. It is also usually obtained in large

1 Journ. of Anat. and Physiol. Nov. 1870, p. 143.
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quantities by the decomposition of proteid matter, either by putrefaction

or the action of acids.

The researches of Eadziejewsky ^ render it probaWe that tyrosin does not occur

normaUy m any part of the human organism, except as a product of pancreatic

digestion.

It crystallises in exceedingly fine needles which are usually collected into

feathery masses. The crystals are snow-white, tasteless and odourless,

almost insoluble in cold water, readUy soluble in hot water, acids and

alkalis, insoluble in alcohol and sether. If crystallised from an alkaline

solution tyrosin often assumes the form of rosettes composed of fine needles

arranged radiately.

Tyrosin does not sublime by heating, but is decomposed with an odour

of phenol and nitrobenzol. On boiling with Millon's reagent it gives a

reaction almost identical with that for proteids (Hoffmann's test). Treated

.

with strong sulphuric acid and gently warmed, it yields, on the addition

of chloride of iron, a violet colour (Piria's test).

Tyrosin is an ammonia compound belonging to the aromatic (benzoic)

series.

Preparation. By means similar to those employed for leucin, the sepa-

ration of the two depending on their sokibilities. According to Kuhne's

method^ large quantities are easily obtained as the result of pancreatic

digestion. It has not yet been formed synthetically.

Hippuric acid. Cg Hg NO3. Or Benzoyl-glycin. C2 H^ (Cy II5O) ISTOa-

Is fomad in considerable quantities in the urine of herbivora, and also,

though to a much smaller amount, in the urine of man. It is formed in

the body by the union with dehydration of glycin and benzoic acid, see

p. 354.

Crystallised from a saturated aqueous solution, it assumes the form of

fine needles; if from a more dilute solution, white, semitransparent four-

sided prisms are obtained. These when pure are odourless, with a somewhat

bitter taste. They are soluble in 600 parts of cold water, readily soluble

in alcohol, less so in sether. All the solutions redden litmus.

Hippuric acid is monobasic, and forms salts which are readily soluble in

water (except the iron salts); from these, if in sufficiently concentrated

solutions, excess of hydrochloric acid precipitates the acid in fine needles.

When heated with concentrated mineral acids it is resolved into benzoic

acid and glycin. The same decomposition occurs in presence of putrefy-

ing bodies. Strong nitric acid produces an odour of nitrobenzol.

1 Arcldv f. path. Anat. Bd. 36, p. 1. Zeitsch.f. anal. Cliem. Bd. 5, p. 466.
2 Virchuw's Arch. Bd. 39, p. 130.
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Preparation., Fresh urine of horses or cows is boiled with, milk o£

lime, filtered, and the filtrate evaporated to a small bulk; the hippuric

acid is then precipitated by adding an excess of hydrochloric acid.

When heated in. a small tube, hippuric acid gives a sublimate of benzoic

acid and ammonium benzoate, accompanied by an odour like that of new

hay, while oily, red drops are observed in the tube. This is very character-

istic, and distinguishes it from benzoic acid.

Phenylic (Carbolic) acid. Cg^Hg O.

This acid occurs only as a urinary constituent. According to the

older view it was a normal constituent of this excretion ; it seems, how-

ever, more probable that it is due to some decomposition occurring in the

ui'ine, by the processes requisite for its isolation.

Buliginsky^ says the urine of many animals, of cows and horses always, contains a

siabstance insoluble in alcohol, and not precipitated by lead acetate and ammonia,

which by the action of dilute mineral acids gives carbolic acid. The same acid applied

to the body externally or internally also passes into the urine'-'. Similarly benzol

(CgHg) when taken into the stomach appears as carbohc acid in the urine^.

The pure acid crystallises in long, colourless prismatic needles; they

melt at SS^C, and boil at ISO^C. It is readily soluble in alcohol and

sether, slightly soluble in water (1 part in 20). In most cases it acts as

a weak acid, forming crystalline salts with the alkalis. With nitric acid

it yields picric acid. Its solutions reduce silver and mercury salts.

Preparation. By the dry distillation of salicylic acid, also from the

acid products of the distillation of coal.

The Bile Series.

Gholic (or cholalic) acid. H . 0^4 H39 O5 + Hg O.

Occurs in traces in the small intestine, in larger quantities in the

contents of the large intestine, and the excrements of men, cows and

dogs. In Icterus, the urine often contains traces of this acid. But its

principal interest lies in its being the starting point for the various

bile acids (see below). The pure acid may be amorphous, or crystalline,

in the latter case crystallising from hot alcoholic solutions in tetrahedra.

These crystals ai-e insoluble in water and sether. In the amorphous

form, it is somewhat soluble in water and sether. Heated to SOO^C, it is

converted into water and dyslysin (C24 Hjg O3).

1 Hoppe-Seyler, Med. Chem. Untersuch. 1867, Heft 2, p. 234.
2 Alm^n, Neues Jahrb. d. Fharm. Bd. 34, p, 111. Salkowski, Pfliiger's Archiv, Bd.

5, p. 335.
3 Schultzen and Naunyn, Eeichert u. Du-Bois Eeymond's Archiv, 1867, Heft 3.
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TMs acid possesses, in the anliydrous condition, a specific rotatory power

of +50° for yellow light : when it crystallises with Hg 0, the rotation

is + 35". The rotatory power of the alkali salts are always less than the

above, and when in solution in alcohol, the rotation is independent of the

concentration. For the alcoholic solution of the sodium salt, the rotation

is +314°.

Prepa/ration. By the decompositions of bile acids by means of acids,

alkalis, or fermentative changes.

Peitenhofer's test.

This well-known test for bile acids depends on the reaction of cholalic

acid in presence of sugar and sulphuri-c acid. If to a solution of the acid

a little sugar be added, and then sulphuric acid, keeping the temperature

below but not much below 70^0, a beautiful reddish purple is obtained..

This gives a characteristic spectrum with two absorption bands, one be-

tween D and E, nearest to E, the other close to F on the red side of F.

Proteids, and other bodies easily decomposed by sulphuric acid such

as amyl-alcohol, give a similar colouration, and the reaction is much im-

peded by the presence of colouring matters'.

Glycocholic acid. C^^ H43 NOg.

This is the principal bUe-acid of ox-gall ; it is also present in the bile of

man, but has so far not been observed in that of cai'nivora. In Icterus,

the urine may contain traces of this acid.

It crystallises in fine, glistening needles. These are slightly soluble in

cold water ; readily so in hot water and alcohol; insoluble in aether. They

possess a bitter and yet sweet taste, and a strong acid reaction.

The salts of this acid are readily soluble in water and crystallise well.

The salts, as well as the free acid, exert right-handed polarisation amounting

to +29-0° for the acid, and + Ib'T for the sodium salt, both measured for

yellow light.

Glycocholic acid is a compound of glycin and cholalic acid ; thus

:

Cholalic acid. Glycin. Glycocholic acid.

Prolonged boiling with dilute mineral acids or caustic alkalis decomposes this body

into glycin and cbolic acid; if dissolved in concentrated sulphuric acid and tben

warmed, one molecule of water is removed, and cholonic acid obtained, CggH^jNOg.

The barium salt of this last acid is insoluble in water, which fact is of importance,

since cholonic acid possesses nearly the same specific rotatory power as glycocholic.

^ For further information on this siibject see : Biscboff, Zfitachr. f. rat. Med. Ser.

3, Bd. 21, p. 126. Schenk, Anatom. physiol. Untersuch. Wien, 1872, p. 47.

^^
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Preparation. From ox-gall, by evaporating to a syi'up, decolorismg

with animal charcoal, extracting with strong alcohol, and precipitating by a

large excess of sether. Its separation, from taurocholic acid depends on the

precipitation of its solution by normal lead acetate.

TaurocJioUc acid. Cag H4g NSOy.

Occurs also in ox-gall, but is found especially plentiful in human bile

and that of carnivora.

It has not yet been obtained in the crystalline form\ although its salts

ciystallise readily. When dried it is an amorphous powder, with pm-e

bitter taste, easily soluble in water and alcohol, insoluble in aether. All

its salts are soluble in watei', and are precipitated by basic lead acetate only

in the presence of free ammonia. The sodium salt dissolved in alcohol

has a specific rotatory power of -i- Si'S"; if dissolved in water this rotation

is less, and in this respect it resembles glycocholic acid.

This acid is far more unstable than the preceding one, being decom-

posed if boiled with water. The products of decomposition are taurin and

cholalic acid.

Taurocholic acid is a compound of taurin and cholalic acid; thus

:

Cholalic acid. Tatirin. Taurocholic acid.

C,,H,o05 + C„H,N03S - H,0 = C,sH^NO,S.

Preparation. From the gall of dogs by a process similar to that for

glycocholic acid. It is separated from traces of this latter and from cholic

acid by preparation with basic lead acetate and ammonia.

The Indigo Series.

Indican.

There often occurs in the iiriae and sweat of men and animals a certain

substance which has not yet been satisfactorily isolated, but which yields

by the action of acids the blue coloiiring matter indigo as one product of

the decomposition. A similar substance is found in several plants (Indigo-

fera, Isatis), and the two have been considered identical; in the present

state of information on this subject it cannot with certaiaty be stated

whether this is so or not. For its preparation and quantitative determina-

tion see Jaffe, Arch.f. d. ges. Physiol, iii. p. 448; also Schunk, Phil. Mag.

Vol. X. p. 73, XIV. p. 228, xv. p. 29, 117, 183. Chem. Centralb. 1856,

p. 50, 1857, p. 957, 1858, p. 225.

It is always estimated by conversion into indigo.

1 Neiibauer u. Vogel, Ham-Analyse. Ed. vn. p. 97.

F. P. 40
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Indigo. CgHgNO.

It is formed, as stated above, from indican, and gives rise to tlie bluish

colour sometimes observed in sweat and urine.

It may, by slow formation from indican, be obtained in fine crystals

;

these are insoluble in water, slightly soluble with a faint violet colour in

alcohol and sether. Chloroform also dissolves them to a slight extent.

Indigo is sokible in strong sulphuric acid, forming at the ''same time two

compounds with this acid; these are soluble in water. It possesses a pure

blue colour; when pressed with a hard body a reddish copper-coloured mark
is left, and the crystals exhibit the same colour if seen in reflected light.

The soluble compounds with sulphuric acid give an absorption band in

the spectrum which lies close to the D line and to the red side of it. This

may be used to detect indigo.

Treated with reducing agents, indigo is decolorised, being reduced

to indigo-white. The latter contains two atoms more hydrogen than indigo.

Indol. CgHyN.

To this body the specific odour of the faeces is partly due. It is obtained

as the final product of the reduction of indigo; and also by the distillation

of proteid matter with caustic alkalis.

It often occurs among the products of the action of pancreatic ferment

on proteids; its presence in svich cases appears however to be due, not to

the action of the trypsin, but to a simultaneous putrefaction iinder the

influence of bacteria, etc. ^ If the pancreatic digestion be carried on in

the presence of salicylic acid, indol does not make its appearance ; see

p. 201. Indol gives a characteristic red colour with nitrous acid.

1 Kuhne, Verliand. d. Heidelb. NaturMst. Med. Ver. N.S. Ed. i. Hft. 3. Bericht.

d. Deutschen Chem. Gesellschaft, 1875, p. 206.
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Abeeration, spherical, of tlie eye, 410
Absorption by the skin, 316
Absorption of fat, proteids, and products

of digestion, 244, 250
Absorption of food by diffusion, 250
Accelerating fibres, 94
Accelerator nerves, 148, 153, 177
Accommodation, power of, in the eye, 391
Acetic acid, 600
Achroodextrin, 185, 339
Acid-albumin, 575, 591
Acidity of urine, 319
Acids, decomposition of proteids by, 588
Acids in perspiration, 313
Acoustic apparatus of the ear, 449
Adamuk on the brain, 514
Adipose tissue (See Fat)

Alierent impulses, 90, 147, 471 ; of vaso-

motor action, 160, 163, 164, 165 ; of de-

glutition, 230 ; in respiration, 289 ; in

micturition, 328 ; nerves conveying, 389
After-images of vision, 426
Air, tidal, stationary and residual, in re-

spiration, 254 ; its changes in respira-

ration, 264, 302
Aladoff on diabetes, 338
Albeetoni, the brain, 605
Albumin, action of gastric juice on, 190
Albumins, 573, 590
Albuminates, 575
Alimentary canal, 183 ; changes of food

in the, 237
Alimentary mechanism, 7
Alkali-albumin, 577, 691
AlkaHne urine of herbivora, 320
Allantoic vessels, 547
Allantoin, 617
Ammonia in expired air, 266
Amoebae, properties of, 1, 86, 224, 247, 345
Amylolytic action of pancreatic juice, 199

;

of saUva, 185, 186, 221
Amylolytic ferment, 222
Analyses, of perspiration, 312 ; of the

composition of the animal body, 355, 556
Anelectrotonus, 61, 62, 66
Animal body, chemical basis of the, 571
Antipeptone, 202
Antiperistaltic action, 230
Anus, 233
Aorta, pressure in, 122
Aortic valves, 123
Apncea, 229, 294, 306
Appreciation of apparent size, 434
Arterial blood, 267, 276, 280, 282, 283,

286, 293, 297
Arterial pulse (See Pulse)

Arteries, 84, 98, 103, 107, 109, 110 ; con-

tractihty and dilation of, 154, 207, 215

;

renal, 321
Artificial diabetes, 337
Ascending aorta, pulse wave in, 135

Asphyxia, 229, 259, 289, 293, 302, 308
Aspirates (voice) 534
Astigmatism, 410
Atropin, its effects, 145, 230, 324, 408
AuBEET on cutaneous respiration, 313
Auditory sensations, 452
AuEEBACH, nervous plexus in the in-

testines, 90 ;
peristaltic movements in

digestion, 228
Augmenting fibres, 94
Auricles, blood-pressure in, 119
Amiculo-ventricular valves, 122
Automatic action, 2, 86, 88, 90, 147; of

the heart, 159 ; of peristaltic move-
ments, 228 ; of the respiratory centre,

289 ; the spinal cord as a centre of this

action, 478
Automatic tissues, 5

Axillary artery of the tortoise, its con-
tractility, 155

Bacteria, 242, 244
Balogh, cerebral convolutions, 504
Banting's dietetic system, 364
Bat, movement of veins in its wing, 155
Bauee, absorption of products of diges-

tion, 244
Baxt, cardiac accelerator nerves, 149

;

velocity of nervous impulses, 394
Beat of the heart (See Heart-beat)

Beaumont, Dr, researches on digestion, 252
Bechee, on respiration, 265, 282, 283
Beceee, mechanism of salivary secretion,

213
Bed-sores, 381
Bees, temperature of, 372
Behaviour of brainless animals, 471, 489
Bell, Sie Chas., roots of spinal nerves,

390 ; motor and sensory fibres, 525
Benzoic acid, 621
Beenaed, Claude, on the ' internal me-

dium,' 11 ; section of the cervical sym-
pathetic, 169, 179 ;

pancreatic juice,

199 ; secretion of saliva, 207 ; mechan-
ism of digestive secretion, 208, 213

;

digestion, 240, 243, 252 ; hasmoglobin,

278 ; cutaneous secretion, 315
;
glyco-

gen, 331 ; thermogenic and frigorific

nerves, 379; olfactory organs, 459
Bernoulli's model of respii'atory move-

ments, 261

40—2
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Bernstein, on nerve-cm'rents, 50 ; mus-
cular contraction, 54, 69

Bernstein, N. 0., pancreatic juice, 198,

204, 216
Beroe, muscular fibre in, 32

Berzelius, researches on digestion, 252

BiCHAT, on death, 567
Bidder and Schmidt, on digestion, 241,

252 ; on nutrition and starvation, 357, 386

Bidder, nerves of the submaxillary gang-

lion, 209
Bile, 183, 195—198, its colour, 195, con-

stituents, pigments, 195, 224 ; bile-salts,

196,624; action on food, 197 ; secretion

of, 215, 223 ; its effect on fat, 241 ; in

the foetus, 549
Bilii-ubia, 30, 195
Biliverdin, 196
Binocular vision, 446
Birds, brainless, their behaviour, 491, 517

Birds, uric acid in, 353
BiscHOEF, on nutrition and starvation,

357, 386
Black's discovery of carbonic acid in air,

310
Bladder, 327
Blagden, Dr, effects of heat, 375
Blastoderm, 547
Blind spot, 429, 434
Blood, 6, 11—31 ; its chemical composi-

tion, 12 ; coagulation, 14 ; fibrin, 15
;

fibrinoplastin and fibrinogen, 18 ; fibrin-

ferment, 20 ; influence of the living

blood-vessels, 22 ; sources of the fibrin-

factors, 24 ; history of the corpuscles,

27
;
quantity and distribution of blood

in animals and man, 31 ; velocity of flow

;

Volkmann's hsemadromometer, 103

;

Ludwig's stromuhr (diagram) 104

;

Vierordt's haematachometer, 105 ; sugar

in, 250
Blood, changes in quantity and quality,

174—179 ; effect of its condition on
peristaltic movements, 229 ; respii'atory

changes in it, 267 ; relations of oxygen
in the blood, 268 ; colour of arterial

and venous, 276; effect of respiration,

280, 283, 293 ; relations of carbonic

acid and nitrogen in blood, 280, 281
Blood, circulation of the, 96—179
Blood, in menstruation, 542
Blood, of the fcetus, 548, 550
Blood-pressure, 99—179 ; apparatus for

investigating (diagi-am), 100 ; endo-

cardiac pressure; Fick's manometer,
curves of pressure in cavities of heart,

left ventricle and aorta (diagrams), 120,

121, 122; its relation to heart-beat, 150,

153 ; effect of bleeding and injection of

blood, 175, 210, 294; in asphyxia, 304;
in secretion of urine, 321

Blood- supply, its influence on muscular
contraction, 74, 77

Bochefontaine, cerebral convolutions,

504
Boll, visual purple of the retina, 414

Bone, 4, 7

Bones, broken, 541
Bowman, on renal secretion, 324
Botle, on respiration, 541
Brachial plexus, section of, 156, 157

Brain, the, and automatic reflex action in,

94; pulsation of the, 295; kreatin in,

349; a source of heat, 373; its func-

tions, 489—526; cerebral convolutions

in the dog and man (diagrams), 501,

502, 503 ; effects of stimulation of, 554

;

growth of the, 561
Brainless animals, behaviour of, 471, 478,

489
Bread [See Dietetics, Nutrition)

Breathing (See Eespiratiou)

Breuer, respiratory action of vagus, 290
' Bright ' colom's, 427
Brodie, bodily heat, 377
Brown-Sequard, vascular mechanism,

179 ; on the spinal cord, 483 ; cerebral

convolutions, 504
Brtjcke, on blood-clotting, 22, 24; semi-

lunar valves of the heart, 123 ; digestion

of starch, 185 ;
peptone and pepsin, 193,

202, 221
' Buffy coat ' in blood, 15
Bunge, hippuric acid, 354
Btjsch, movements of the stomach, 233

;

digestion, 241
Butyric acid, 601

Caecum, 243
Calcareous degeneration, 562
Campbell, pigments of bile, 196
Capillary circulation, 97, 106, 107, 109, 179

;

changes in peripheral resistance, 171 —
174 ; blood-pressure in renal secretion,

321
Caproic acid, 601
Carbohydrate food, effects of, 363
Carbohydrates in the human body, 595
Carbolic acid, 622

Carbonic acid, in expired air, 254, 265, 266,

267; in the blood, 268; exit from blood,

282 ; in the tissues, 285 ; effects of ex-

cess of, 295, 307
Cardiac impulse, 115, 127
Cardiac muscles, 83
Cardiac sound, for measuring blood-pres-

sure (diagram), 117

Cardiograph, 115, 139

Cardio-inhibitory centre, 147, 151, 177
Carnin, 618
Carnivorous animals, nutrition of, 365
Carotid artery, blood-pressure in, 99, 102

Cartilage, 5, 7

Cartilages of the ribs, their action in respi-

ration, 261
Cartilages, nasal, 264
Carville, on the brain, 514
Casein, 345, 578
Cat, saliva of, 187; blood-crystals, 271;

perspiration, 315, 316; composition of

body, 356
Cells, migrating, 84 ; ectodermic and en-
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dodermic, 85; epithelium, of alimen-
tary canal, 183 '

Cellulose, 184
Central nervous mechanism, 8, 87
Centres of organic functions in medulla

oblongata, 520
CEEADrNi, on valves of the heart, 124
Cerebellum, 517
Cerebral actions, rapidity of, 521
Cerebral convolutions of the dog and man

(diagrams), 501, 502, 503
Cerebrin, 610
Cervical sympathetic, section of the, 167
Chapeeon, spinal cord, 475
Chauveau, instrument for measuring blood

pressure, 106, 116; movements of the
oesophagus, 231

Chemical Action, tissues of, 183—810;
Digestion, 183—252; Eespiration, 253
—310

Chemical aspects of respiration, 287
Chemical basis of the animal body, 571
Chemical changes in muscular contrac-

tion, 57
Chemical changes in tissues, 5
Chemical composition of blood, 12
Chemical substances in muscle, 32
Children, temperature of, 379
Chloral, its effect on cerebral functions, 163
Cholesterin (See Bile)

Chohc acid, 623
Chondiin, 592
Chorda tympani, stimulation of the : vas-

cular effects, 166, 167; secreting effects,

212, 222; thermic effects, 379
Chorda vocales, 527
Chords tendineffi, 122
Chi'omatic aberration of the eye, 411
Chyle, 245, 247
Chyme, 238, 239, 241, 243
Ciliary ganglia, 407
Cihary movement, 83

. Cihary muscle, 405
Ciliated cells, 89
Circulation of the blood, 6; 96—179;

effects of resphation on, 295 j in
asphyxia, 304 ; in the fcEtus, 550

Coagulation of the blood, 12, 14
Coagulated proteids, 584, 591
Cochlea, functions of, 453
CoLASANTi, effect of cold on guinea-pigs,

376
Cold, effect of on temperature of the body,

375, 380; on rabbits and guinea-pigs,

376, 377
Colon, 233
Colour blindness, 425
Colour sensations, 420
Colour, 'pale,' 'rich,' 'deep,' 'bright,' 427
Colour vision, 416, 424
Colour of the retina, 414
Colour of venous and arterial blood, 276,

280
Compensating action for local disturbance,

179
Composition of the animal body, 355

Consciousness and intelligence, 473

.

Consonants, 533
Constriction of arteries [See Contraction)
Contractile tissues, 31—84; chemical sub-

stances in muscle, 31; phenomena of

muscle and nerve, 33 ; unstriated mus-
cular tissue, 82; cardiac muscles, 83;
ciha, 83 ; migi'ating cells, 84

Contractile tissues, illustrated by the
pendulum myograph, 37, 40; the mag-
netic interruptor, 47

Contractihty of the amoeba, 1

Contraction, lavr of muscular, 65; con-
tractility of blood-vessels, 154, 160,

168, 170, 176
Contraction of the walls of the stomach,

232
Contraction [See Muscular Contraction)
Contrast, visual sensations of, 433
Convulsions in asphyxia, 302, 303
Convulsive centre, 520
Coordination of visual movements, 440
Coronary arteries, 123, 151, 177
Corpora Ai'autii, 123
Corpora quadiigemina, 514, 521
Corpora striata, 513, 521
Corpuscles of the blood, 11, 12; their

history, 24, 25, 26, 27, 98, 271
Corpuscles, inorganic salts in, 13

Corpuscles, in inflammation, 172
Corpuscles, starch, 184
Corpuscles, sahvary, 183, 210
Corpus luteum, 542
CoETi, rods of, 454
CoEvisAET, researches on digestion, 352
Coughing, 309
Cranial nerves, 392, 523
Crassamentum, or blod-clot, 15
Crura cerebri, section of, 158, 519, 521
Crying, 310
Currents (See Electric currents. Nerve

currents)

Ciirves, pulse (with tracings), 135, 136
Curves, respiratory (with tracings), 25(5

Cutaneous respiration, 313
Cyon, onvaso-motor centre, 158; diabetes,

338; urea in the liver, 351
CzEEMAK, effects of chorda stimulation,

212

Danilewskt, on pancreatic juice, 203
Deahna, on urari stimulation, 163 ; blood-

pressure, 178
Death, 489; death agony, perspiration in,

315
Decidua, 546
Decomposition of proteids, 588, 590
Deen, Van, on the spinal cord, 488
'Deep' colours, 427
Defsecation, 233
Deglutition, 225
Demtscheneo, secretion of tears, 448
Denis, on coagulation of the blood, 17
Dentition, 560
Depressor nerve, 162
Derived proteids, 591
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Detrusor urinae, 327
Dextrin, 184, 185, 599
Dextrose, 596
Diabetes, 337, 339, 37G

Diabetic centre, 520
Diagrams: of pendulum myograph, 37, 40

;

muscle-curves, 39; nervous impulses,

42 ; the magnetic interrupter, 47 ; non-

polarisable electrodes, 48 ; muscle-nerve

preparations, 60, 79; illustrating elec-

trotonus, 61 ; simplest forms of a ner-

vous system, 85 ; blood-pressure, 99, 116;

apparatus for investigating blood-

pressure, 100; kymograph, 103; Lud-
wig's stromuhr, for measuring velo-

city of flow of blood, 104; Marey's

tambour, with cardiac sound, 117

;

Pick's spring manometer, 120; curves

of pressure in cavities of heart, 121,

sounds of the heart, 126; pulse-curves,

133 ; cardiac inhibition, 144, 152, 153

;

cervical and thoracic ganglia of rabbit,

148 ; of dog, 149 ; submaxillary gland of

dog, 207 ; secretion of pancreatic juice,

216; respiratory movements, 256; ap-

paratus for taking tracings of move-
ments of air in respiration, 257, 258

;

Ludwig's mercurial gas-pump, 269;

blood-pressure curves and intra-thoracic

pressure, 298; Purkiuje's figures, 431,

432; muscles of the eye-balls, 439;
the horopter, 448 ; areas of spinal

nerves, 481, 482; cerebral convolutions,

of the dog, 501; of man, 502, 503; the

larynx, 528
Diaphragm, its action, 115, 259, 262,

288, 291
Diastole of heart, length of, 119
Dicrotic pulse-wave, 135, 136
Dietetics, 383
Diet of an animal; normal, 357
Digestion, tissues and mechanisms of,

7, 183—252 ; saliva, 183 ; gastric juice,

188; bUe, 195; pancreatic juice, 198;
succus entericus, 204; secretion of

digestive juices, 205 ; muscular me-
chanism, 224—237; changes of food in

alimentary canal, 237; absorption of

products, 244; decomposition of pro-

teids, 588
Digestive secretion, mechanism of, 206
Dilation of blood-vessels, 155, 175, 210, 215
Dioptric mechanisms of sight, 397, 410
Distribution of blood in the body, 31

Diuretic drugs, 323
Divers, respiration of, 304
Dock, on glycogen, 332; on sugar in

urine, 339
Dog, quantity and distribution of blood in

the, 30 ; arterial pressure, 102, 106,

153, 298 ; velocity of the circulation, 112,

section of vagi, 147; cervical and thoracic

ganglia of (diagram), 149; saliva, 187;
bile, 196; pancreatic juice, 198; sub-

maxillary gland (diagram), 207; vomit-

ing, 237; blood-crystals, 271, 282, 283;

perspiration, 315; cerebral convolutions
(diagrams), 501

DoGiEL, on blood-circulation, 106 ; sounds
of the heart, 127

DoNDERS, length of the cardiac systole,

119, 130; pulse-waves, 133; inhibition

of heart-beat, 144 ; lung-pressure, 255 ;

movements of the eye-balls, 437; the

rapidity of mental operations, 522
Double pulse, 137
Drowning, 304
Du-Bois Eetmond, pendulum myograph,

38 ; on muscle-currents, 52 ; muscular
contraction, 53 ; muscle and nerve, 78, 81

Dtjchenne's experiments on respiratory

movements, 261
Dumas, on nutrition, 341
Duodenum, 230, 231, 236, 240
DuEHAM, sleep, 564
Dyspepsia, 563
Dyspeptone, 202
Dyspnoea, 259, 289, 293, 295, 302, 303, 308

Ear, the, 450
Ebstein, on pepsin, 220
EcKHAED, nervl erigentes, 165; action of

submaxillary ganglion, 208 ; on secretion

of saliva, 214; diabetes, 338; morphia
diabetes, 339 ; spinal cord, 479 ; cerebral

convolutions, 504 ; the cerebellum, 519
Ectodermic cells, 85

Edgeen, movements of the pupil, 407
Edwaeds, W., respiratory changes, 265,

286, 310
Eel, caudal vein, 155 ; iris, 406 ; contrac-

tion of the pupil, 406
Efferent impulses in secretion of saliva,

90, 210; vomiting, 235; in reflex action,

472
Egg-albumin, 573
Elastin, 594
Electric currents of nerve and muscle, 48,

79
Electrodes, non-polarisable, illustrating

nerve-currents (diagram), 48
Electrotonus, 59—65, 78
Emetics, effect of, 237
Emminghaus, movements of chyle, 249

Emotions causing micturition, 329
Endo-cardiac pressure, 115 ; Pick's spring

manometer, 120 ; curves of pressure in

cavities of heart, 121 ; in left ventricle

and aorta, 122
Endodermic cells, 86
Energy of the body (income and expendi-

ture), 369 ; muscular, 368
Engelmann, on muscle-currents, 53 ; auto-

matic action of ureter, 90; ciliary move-
ment in the frog, 84 ;

peristaltic move-
ments, 230

Entoptic phenomena of sight, 412
Epiglottis, 226
Epithelium cells, 183, 205, 211, 247, 324,

326, 345
Erect posture, 536
Ergot, its effect on peristaltic action, 230
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Erismann, on cutaneous secretion, 315
Eructation, 239
Erythrogranulose, 185
EsTOB, seat of oxidation in respiration,

284
Eustachian tube, 451
Excretion of urine, 317; of milk, 844; of

nitrogen in muscular exercise, 370 [See

DeffBcation, Micturition)

Excretory tissues, 4, 5

Exhaustion, muscular, 76
ExNEB, on reflex actions, 478; on the

rapidity of mental operations, 521
Expiration, 254, 258 ; movements in, 262,

288, 297, 301
Explosives (voice), 534
Extractives in muscular tissues, 34
Eye, the, (See-Sight)

Eye-baUs, movements of the, 437, 514

Facial respiration, 264
Eaeces, 235, 243
Eainting, 147
Fallopian tubes, 542, 545
Falsetto voice, 531
Fat, history of, 340, 356
Fat of milk, 344
Fats, their derivatives and allies, 599
Fats in serum, 12; action of bile on, 198;

of pancreatic juice, 203; digestion of,

238, 240, 241, 250
Fatty degeneration, 562
Fatty food, effects of, 363, 364, 384
Fauces, 225, 226, 236
Fechner's formula of visual sensations,

418
Feeling and Touch, 462
Ferment, amylolytic, 222
Ferments, organized and unorganized,

186 ; saliva, 186 ;
gastric juice, 193 ; of

pancreatic juice, 199, 219 ; in the small

intestiue, 242
Feenet, on respiration, 310
Feeeiek, on the brain, 506, 512, 516, 517;

cerebral convolutions of the dog and
man (diagi'ams), 501, 502, 503

Fibrin, 12, 15, 16, 19, 24, 81, 190, 192,

199, 581, 591
Fibrinogen, 581
Fibrinoplastin, 12, 580
FiCK, on blood-circulation, 119, 121;

spring manometer (diagram), 120 ;
pres-

sure in cavities of heart (diagram), 121

;

urea and muscular exercise, 369; muscles
of the eye -balls, 440; spinal cord, 488

Flatulency, 239
Fleischl, nervous irritability, 71
Floukens, on the respiratory centre, 289

;

on the brain, 515

Foetus {See Embryo)
Food, action of Me and pancreatic juice

on, 197, 198

Food, fattening diet, 364 ;
potential energy

of food, 367, 383
Food, glycogen produced by, 332, 335
Food, its effect on the stomach, 232;

absorption by diffusion, 250; effects of

carbohydrate, 363
Food, its changes in the ahmentary canal,

237
Food, tissues and mechanisms of diges-

tion, 183—252 ; changes of food in the

ahmentary canal, 237; absorption of

products of digestion, 244
Force of heart-beat, 130
FoEDTCE, Dr, effect of heat, 375
Formic acid, 600
Fkankland, on the potential energy of

food, 367
Frequency of heart-beat, 130
Freeichs, on digestion, 252
Feeusbeeg, on reflex actions, 477
Frigorific nerves, 379
Feitsch, cerebral convolutions of the dog

(diagram), 501
Frog, experiments on the ; blood, 26

;

nerves, 33, 35, 36, 50, 71, 73, 91; the

rheoscopic frog, 50, 52; muscle cur-

rents, 52 ; ciliary movement, 84 ; lymph-
atic heart, 89, 93 ; circulation in web
of foot, 97; heart, 141, 142, 143, 147;
contractility of arteries, 154, 155 ; lalood-

vessels, 172 ; capillary circulation, 179

;

cutaneous respiration, 313 ; contraction

of the pupil, 406 ; visual purple in, 416

;

spinal cord, 471, 487 ; lymph heart, 479
Frog, brainless, its behaviour, 471, 489
Functional activity, its influence on mus-

cular irritability, 76
FuNKE, on succus entericus, 204 ; sugar in

blood and urine, 250 ; respiration, 301

;

quantity of perspiration, 312

GALABrN, Dr, diagrams of pulse-curves,

135, 136
Galvanic current, its effect on muscular

contraction, 68
Ganglia, 89, 93, 143, 146, 228, 232, 391

;

cervical and thoracic, of rabbit and
dog (diagrams), 148, 149

Gabbod, on pulse-waves, 134 ; heart-beat,

177
;
quantity and flow of blood, 177

Gases, in eructation, 239; in the large

intestine, 243 ; in the blood, 267
Gases in urine, 319
Gases, poisonous, respiration of, 307

Gas-pump, mercurial, Ludwig's (diagram),

269
Gaskell, W. H., contraction and dilation

of arteries, 167
Gastric juice, 183, 188, 214, 238 ; artificial,

189, 557
Gastric compared with pancreatic diges-

tion, 201
Gelatin, 593, as food, 365

Geelach, on cutaneous respiration, 313

Gestation, 553
Giddiness, 497
Gilbert and Lawes, on the formation of

fat, 341, 363
Glands, submaxillary, secretion of sahva,

206 ; submaxillary of dog (diagram) 207

;
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gastric, 220 ; saKvary, 221 ; of rabbit,

222; secreting sweat, 314; mammary,
344; laclnymal, Meibomian, 447

Glisson, on muscular contraction, 36
Globin, 278
Globulin, in muscular tissue, and saliva,

33, 184, 279, 579, 591
Glomeruli, renal, 321

Glottis, its action in respiration, 264, 289,

528 ; contractions of the (diagi-am), 528
Glutin, 593
Glycerine, 604
Glycerinpbosplioric acid, 607
Glycocholic acid, 624
Glycin, 619
Glycogen, 330, 549, 598
GiiELiN, researches on digestion, 252
GoLTZj on vaso-motor actions, 159, 168

;

movements of the oesophagus, 230, 283 ;

defsecation, 233, 234 ; movements of

lymph, 249 ; micturition, 328 ; reflex

actions, 477 ; lymph-hearts, 479 ; the

cerebral convolutions, 526; menstrua-
tion, 544 ; impregnation, 545

Goose, bUe of, 196 ; blood-crystals, 272
Graafian follicle, 542
Granulose, 185
Geehant, on urea, 850
Grey matter of the spinal cord, 486
Growth, phases of life, 561
Getjtznee, on pepsin, 220
GscHEiDLEN, ou the colouring power of

blood, 31 ; on the origin of urea, 350,
351

Guanin, 618
Guinea-pig, saliva of the, 187 ; blood crys-

tals, 271 ; effect of cold on, 376
Gustatory buds, 460
Gyeegyai, absorption of proteids in di-

gestion, 250

Habeeman, on proteids, 590
Hamadromometer of Volkmann, for mea-

suring blood-pressure, 103
Hsematachometer, for measuring blood-

pressure, 105
Hffimatin, 278, 279
Hsematoidin, 29
H£emoglobin,13, 21, 29, 223, 271, 278, 281
Haemorrhage, effects of, on vascular me-

chanism, 174
Haeelin, on paralbumin, 575
Hales, Dr Stephen, circulation of blood,

99, 179
Haleoed, sounds of the heart, 127
Haller, on muscular contraction, 36 ; on

physiology of muscle and nerve, 81
;

resi^iratory movements, 261
Hambergee's model of respiratory move-

ments, 261
HA^iiMAESTEN, coagulation of blood, 21

;

gastric juice in new-born animals, 557
Hearing, 449
Heart, the, 113—131 ; phenomena of the
normal beat, 113 ; curves of pressure
in cavities of heart, 121 ; mechanism of

the valves, 122 ; sounds of the heart,

126 ; its failure before death, 567
Heart-beat, 89, 90 ; normal, 96, 99, 102,

109, 110, 113, 122; variations in, 129,

140—153, 305, 321, 549
Heart-murmurs, 127
Heart of the babe, 557
Heart of the frog, 93
Heat, loss of energy from, 368
Heat, sources and distribution of, 372
Heat, varying production of, 375
Hedgehog, blood-crystals of the, 272
Heidenhain, on pancreatic digestion, 200

;

mechanism of digestive secretion, 208,

213 ; researches on digestion, 252 ; on
renal secretion, 325; on nutrition, 370;

bodily heat, 378, 379; lymph-hearts,

479
Helleb, movements of chyle, 248
Helmholtz, on muscular contraction, 58 ;

velocity of nervous impulses, 81 ; loss

of energy from heat, 373 ; dioptric me- -

chanisms, 413; colour sensations, 422;
the horopter, 443; vision and musical
sounds, 470

Helmont, Van, on carbonic acid gas, 310
Hemipeptone, 202
Hensen, on auditory hairs, 455
Hepatic artery, and the secretion of bile,

223; hepatic cells, 4, 223, 224, 330, 336
Herbivorous animals, nutrition of, 365
Heeing, resphatory action of vagus, 290;

nervous mechanism of respiration, 292

;

colour sensations, 424; sensations of

temperature, 465
Heemann, on muscular contraction, 53;

rigor mortis, and electrical theory of

muscle, 74, 79, 81; respiration of

muscle, 81
Heezen, inhibition of reflex action, 474
Heezenstein, secretion of tears, 448
Hetnsius, pigments of bile, 196
Hiccough, 309
Hippuric acid, 354
HiESCH, on the personal equation, 522
HiESCHMANN, ou visual sensations, 419
HiTziG, on the cerebral convolutions of

the dog (diagi'am), 501, 504; cerebel-

lum, 517; vertigo, 518
Hlasiwitz, on proteids, 590
HoLMGEEN, movements of the pupil, 407,

409; electric currents of the optic

nerve, 413
Hook, on artificial respiration, 310
Hoppe-Seylee, on the composition of

blood, 12, 13, 14; on bile, 197; hasmo-
globin, 280; respiration, 310; nutri-

tion, 362 ; analysis of proteids, 572
Horopter, the, 443
Horse, blood-circulation in the, 19, 22,

25, 26, 99, 102, 106, 111, 116, 119;

saHva, 187, 238; blood-crystals, 271;
locomotion, 538

HoEVATH, death from extreme heat, 380
Houokgeest, Van Beaam, peristaltic ac-

tion, 229
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HiJFNEE, on influence of bacteria in diges-

tion, 201
Hutchinson, vital capacity of the lungs,

255
HtrxLEY, blood corpuscles, 28
Hydra, 32, 85

Hydraulic principles of blood circulation,

107
Hydrozoa, ciliary movement in, 84, 86
Hydruria, or excessive renal secretion, 322
Hyperpnoea, 302
Hypoglossal, vaso-motor action of the, 156
Hypoxanthin, 348, 617

Ileo-csecal valve, 230, 233, 243
Impregnation, 545
Impulses, nervous, 86; efferent and af-

ferent, 90; afferent, 389; conduction
of by the spinal cord, 483 ; nervous, in

respiration, 289 ; sensory and motor, 95
Income and outcome of diet, 358
Income of energy, 366
Incontinence of uiiue, 329
Inditan in urine, 319, 625
Indigo, 626
Indigo-carmine, excretion of, 325
Indol, 201
Induction-machine, 45; induction-shock,

effects of, 39, 58, 67, 68, 77, 144
Inert layer in capillary circulation, 98
Infants, temperature of, 379
luflammation, its eft'ects, 172, 381
Infusoria, cihary movement in, 84
Inhibition, 93 ; of heart-beat, 144—153,

176 ; of peristaltic action, 229 ; of saliva,

214 ; of reflex action, 474 ;
parturition,

554
Injection of blood, effects of, 175
Inosit, 598
Insensible perspiration, 312
Inspii-ation, mechanics of, 254, 258, 259

;

nervous mechanism of, 288 ; effects on
circulation, 297 ; in asphyxia, 302

Integration of fundamental tissues, 6
Intercostal muscles, their action in respi-

ration, 261, 263
Intestine, large, 233, 243
Intestine, smaU, 227, 240
Ii-radiation of visual sensations, 433
Instable tissues, 5, 6

IrritabUity of nerve and muscle, 32, 35,
36, 64, 72, 75

Isthmus faucium, 225, 226

Jaborandi, its effect on heart-beat, 145
Jacobson, on blood-pressure, 106
Japfe, ui'obilin in urine, 30 j pigments of

bile, 196
Jaundice, 224
Jones, Wharton, blood-corpuscles, 28
JiJDELL, composition of red corpuscles, 13
Judgments, visual, 444; auditoiy, 457;

tactile, 466
Juices, digestive, 183—224
Jumping, 532

Eatelectrotonus, 61, 62, 64, 65
Kemmeeich, on the secretion of milk, 345
Kendal, on cutaneous secretion, 315
Kendall, vaso-motor action, 168, 169
Keratin, 594
Kidneys, secretion by the, 317—329, 350
Klein, origin of white blood-corpuscles,

29
Knock, bodily heat, 379
Knoll, on the corpora quadrigemina, 514,

516
Kohlschutteb, sleep, 565
Kollikee, red corpuscles, 28, 29 ; succus

entericus, 204
KoENEE, on uterine contractions, 555
Kreatin, kreathiin, 348, 349, 615, 619
Keoneckee, on muscular contraction, 67,

78 ; functional activity of muscles, 77
KtJHNE, on the chemistry of muscle, 34,

82; gastric juice, 194; pancreatic juice,

199; proteids, 201, 203; mechanism of

salivary secretion, 213; secretion in the
pancreas, 218 ; vis«ial pm-ple of the
retina, 415

KuPFFEK, on endings of nerves in sali-

vary glands, 212
KiJEscHNEE, on heart-beat, 114.

Kymograph for recording arterial pres-
sme (diagram), 103

Kynurenic acid, 618

Labour, loss of energy by, 368
Labour-pains, 554
Laboured respiration, 254, 259, 262, 263,

288
Lachrymal glands, 447
Lacteals, 246
Lactic acid, 605
Lactose, 597
Lagrange, on respiration, 310
Landois, on blood-circulation, 119; pulse-

waves, 134; cerebral convolutions, 504
Langendoep, inhibition of reflex action,

475
Langlet, salivary secretion, 213
Lardacein, 589, 591
Laryngeal nerve, superior, in respiration,

291 ; in voice, 530 ; inferior, in respira-
tion, 292 ; in voice, 530.

Laryngeal respiration, 264
Laryngoscope, 264
Larynx, 225, 528; diagrams of the, 528,

532
Latschenbeegee, on urari stimulation,

163; blood-pressiu'e, 178; respnation,
301

Laughing, 310
Laui'ostearic acid, 601
Lavoisiee, on respkation, 310
Lawes and Gilbert, on the formation of

fat, 341, 363
Lea and Kuhne, secretion iu the pancreas,

218
Lecithin, 609
Legg, WiCKHAir, on diabetes, 339
LeuciQ, 201, 202, 242, 851, 619
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Leuwenhoek, capillary circulation, 179

Levatores costarum, 262

LiEBEEMANN, pigments of bile, 196

LiEBiG, on formation of fat, 341; nutri-

tion, 368, 371, 386

Life, the phases of, 556

Lingual nerve, 156, 206

LisTEE, J., coagulation of the blood, 22,

24; Taso-motor action, 159

Listing, movements of the eye-balls, 438

Liver, secretion of bile, 222 ; a source of

sugar, 331;" a source of heat, 373

Locomotor ataxy, 469

Locomotor mechanisms, 536

LoBTET, instrument for measuring blood-

pressure, 106

LovEN, constriction and dilation of arte-

ries, 164
LowEK, on respiration, 310

LucHsiNGEE, vaso-motor action, 168, 169;

cutaneous secretion, 316; perspiration

in the cat, 316

LuDwiG, on blood-circulation, 104, 106;

sounds of the heart, 127; vascular

mechanism, 179 ; mechanism of sahvary

secretion, 213; peristaltic action, 230;

mercurial gas-pump (diagi-am), 269 ; res-

piration, 310; renal secretion, 325; tem-

perature of submaxillary gland, 379

Lumbar cord, 543, 553

Lungs, the: mechanics of pulmonary
respiration, 254; elastic force of, 255,

296; respiratory changes in, 281; loss

of heat from, 374
Lunulas of heart-valves, 123

Lutein, 30
Lymph,Lymph-vessels, Lymphatic glands,

29, 32, 246, 247
Lymph-hearts of the frog, 89, 479

Lymphatic system in infancy and youth,

559

Magnetic interruptor (diagram), 47

Magnus on respiration, 310

Majendie, on vomiting, 236; sensory

nerves, 390 ; olfactory nerve, 459 ; the

brain, 521
Malpighi, capillary circulation, 179

Malpighian bodies of the kidney, 317, 321

Mammary gland, 344

Manometer apphed to blood-circulation,

99, 101, 120; to heart-beat, 144, 151,

152, 153 [See Diagrams)
Marching, 537
Maeet, on blood-circulation, 111; blood-

pressure, 116, 119; pulse waves, 133;

heart-beat, 151; Marey's tambour,

(diagram) 117,258; pneumograph, 256;

locomotion of the horse, 538

Mastication, 225
Mayow, on changes of air in respiration,

265 ; on oxygen, 310

Maxwell, on colour- sensations, 421

Meat (,S'ee Dietetics, Nutrition)

Mechanical tissues, 5

Mechanism of digestive secretion, 206

Mechanisms of respiration, 253—310
Mechanisms of reproduction, 541
Meconium, 549
Medulla oblongata, 520 ; cardio-inhibitory

centre, 147; respiratory centre, 288;
vaso-motor centre, 157; centre for

secretion of saliva, 210; for deglutition,

227 ; for movements of oesophagus and
stomach, 230 ; for vomiting, 288 ; con-

vulsive centre, 302; as a centre of co-

ordination in the frog, 498; in the

mammal, 477
Meibomian glands, 447
Meissnee, plexus of the intestines, 90;

peptic digestion, 202, 203; peristaltic

action in digestion, 228 ; urea and urates

in the liver, 351; hippuric acid, 354;

peptones, 586
Menstruation, 542
Mental emotions producing perspiration,

315
Mercurial gas-pump, Ludwig, (diagram)

.

269
Mercury manometer applied to blood-

cii-culation, 99, 107, 116, 144, 151 [See

Diagrams)
Metabolic tissues, 4, 5

Metabolic products in urine, 320
Metabolic phenomena of the body, 330
Metabolism of the embryo, 548

Metabohtes, nitrogenous, 610
Metapeptone, 202
Metee, Lothae, on respiration, 310
MiCHiELi, the cerebral convolutions, 505
Micturition, 327, 475
MiESCHEB, on blood-corpuscles, 14; nu-

clein, 595; spinal cord, 485, 488
Migrating cells, 84
Milk, 299, 300; action of gastric juice on,

191, 194
Milk-sugar, 597
Minerals, action of gastric juice on, 189

MoLESCHOTT, normal diet of man, 358
Monkey, cerebral convolutions, 502

Morphia diabetes, 339
Mosso, changes in the circulation, 173;

movements of the oesophagus, 231

Motor fibres, 156
Motor nerves, 87, 95
Mouth, its action in digestion, 238
Mucin, 592
Muciparous cells, 222
Mucous glands, 222
MiJLLEB, J. J., researches on respiration,

283
MiJLLEE, WoEM, efifects of bleeding, 174

MiJLLEE, W., changes of air in respiration,

283
MtfLLEE, J., on the senses, 470; on reflex

actions, 525
Muscarin, its effect on heart-beat, 145

Muscle and nerve, 60, 70, 71, 78
_

Muscle currents in frog and rabbit, 52
Muscle-curves, diagrams of, 39, 44, 45

Muscles, S2—84; chemical substances in

muscle, 32 ;
glycogen in, 335 ; kreatin
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in, 349; respiratory changes in, 284;
phenomena of muscle and nerve, 33;
unstriated muscular tissue, 82 ; cardiac

muscles, 83; cilia, 83; migratory cells,

84
Muscles of deffecation, 233
Muscles of mastication and deglutition,

224, 225
Muscles of micturition, 327
Muscles of respiration, 259, 261, 263, 288
Muscles of the eye-balls, 439
Muscles of the foetus, 549
Muscles of the larynx, 528
Muscular contraction:— shewn by the
pendulum myograph, 37, 38 ; changes
in a muscle during contraction, 52;
electrical changes, 52; change of form,

55; physical changes, 56; chemical
changes, 57; law of contraction, 65;
circumstances affecting its amount and
character, 68

Muscular energy, sources of, 368
Muscular fibre cells, 86
Muscular fibres in arteries, 154
Muscular mechanisms, 7
Muscular mechanisms of digestion, 224

—

237; of respiration, 253—310; masti-
cation, 225; deglutition, 225; peristal-

tic action, 227; movements of the oeso-

phagus, 230; of the stomach, 232; of

the large intestine, 233 ; vomiting, 235
Muscular mechanisms, Special, 527
Muscular irritability, 35, 36, 62
Muscular sense, 468
Muscular sound, 56
Muscular tissues, 4
Musical sounds, nature of, 453
Myograph, pendulum (diagram), 37, 40
Myosin in muscular tissues, 33, 73, 81,

581
Myristic acid, 601

Native albumins, 573
Nausea, 235
Negative variation, in nerve-currents, 60;

of muscle-currents, 53
Nerve and muscle, phenomena of, 35
Nerve-currents, natural, 48; illustrated

by non-polarisable electrodes (diagram),
48; negative variation, 50, 53

Nerve-roots, 87
Nerves, accelerator, 148, 177 ; experiments

with pendulum myograph, 38; irritabi-

lity of, 71, 72; cardiac, of the dog, 149;
thermogenic, 377 ; frigorific, 379

Nerves, cranial, 392, 523
Nerves, their effect on constriction and

dilation of arteries, 155
Nerves employed in defascation, 233
Nerves in connection with striated mus-

cles, 32
Nerves, their influence on the secretion
and ejection of mili, 346

Nerves of mastication and deglutition,
225

Nerves of sight, 407

Nerves of touch, 462, 468
Nerves, renal, 322
Nerves, sensory, 389
Nerves, spinal, 390, 481
Nerves, splenic, 347
Nerves, vaso-motor, 156
Nervi erigentes, 165, 167
Nervi mesenterici, 147
Nervous action in the oesophagus, 230
Nervous action in vomiting, 236
Nervous influences on peristaltic action,

228
Nervous impulses, curves illustrating their

velocity, 42; changes in the nerve dur-

ing their passage, 46, 59, 66, 78
Nervous ii-ritability, 63, 64
Nervous mechanism for secreting diges-

tive juices, 206, 214, 216
Nervous mechanism of the gastric move-

ments, 232
Nervous mechanism of perspiration, 315
Nervous mechanism of respiration, 288
Nervous system, 6, 7, 8; simplest forms

of (diagram), 85 ; its influence on heart-

beat, minute arteries and capiUaries,

142; its influence on nutrition, 381;
in infancy and youth, 559

Nervous tissues, properties of, 4, 85—95;
metabolism of, 349

Nervous tissues, general properties of,

87
Neumann, red corpuscles, 28
Neurin, 609
Neutral fats, 603
Nicotin, its effect on heart-beat, 146;

peristaltic action, 230
Nitrogen of inspired and expired air, 265
Nitrogen, quantity in arterial and venous

blood, 262
Nitrogen, its relations in the blood, 281
Nitrogenous crystalline bodies in urine,

318
Nitrogenous food, 368
Nitrogenous metabohsm, 361
Nitrogenous metabolites, 610
Nceud vital, 289
Non-nitrogenous metabolism, 363
Non-polarisable electrodes (diagram), 48
Normal diet, 357, 385
Nostrils, their action in respiration, 264,

289
NoTHNAGEL, on the brain, 513, 518
Nuclein, 595
Nutrition, 330 ;

production of glycogen,

332 ; of the embryo, 547

Ocular spectra, 434
Odour of the breath, 266
Oehl, movements of the pupil, 409
(Esophagus, movements of, 230, 235
Old age, 562
Oleic acid, 602
Olein, 604
Olfactory organs, 458
Opplek on renal secretion, 350
Optic thalami, 513, 521
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Osmosis, 97
Otic ganglia, 93
Ovaries, 542, 545
Oviun, 541, 545, 547, 567
OwsjAijNiKO-w, vaso-motor centre, 158,

165 ; on reflex actions, 477
Ox, saliva of the, 187 ; bile, 196 ; Mood-

crystals, 272
Oxalic acid, 607
Oxidation, seat of, in respiration, 284
Oxygen inhaled in respiration, 253, 254,

265, 267 ;
quantity and condition in

arterial and venous blood, 268, 270,

280, 295 ; its entrance into the lungs in

respiration, 281, 287 : the cause of dys-

pnoea, asphyxia, and apnoea, 306
Oxygen tension, 282, 287
Oxyhsemoglobm, 78, 273, 275

Palate in deglutition, 225, 226
'Pale' eolom-s, 427
Palmitic acid, 602
Palmitin, 603
Pancreatic digestion, 242
Pancreatic juice, 183, 198, 216, 217, 240,

242, 342
Papillary muscles, 122
Paraglobuhn, 18, 580
Paralytic saUva, 214, 217
Parapeptone, 191, 198, 200, 202, 241
Paeinaud, bodily heat, 878
Paekes, on urea and muscular exercise,

369
Parotid saliva, 187, 212
Parturition, 553
Paschutin, on the action of saliva, 186

;

movements of lymph, 249 ; inhibition

of reflex action, 474
Pendulum myograph (diagram), 40; dia-

gi-ams obtained by it, 39
Penicillium, 343, 366
Penis, mechanism of erection, 166, 545
Peptic digestion, 190, 202
Peptic glands, 220
Pepsin, the ferment of gastric juice, 198,

201, 220
Peptone, 191
Peptones in gastric juice, 188, 189
Peptones, 197, 200, 202, 239, 585, 591
Perceptions, tactUe, 462,466 ; visual, 427,

432
Periodicity in the phenomena of the body,

563
Peripheral resistance in blood-circulation,

110, 152—171, 128, 137, 172, 177
Peristaltic contractions, 89, 90, 93 ; in

defecation, 234 ; in digestion, 227 ; in
the oesophagus, 230; in the stomach,
232

Perspiration, nature and amount of, 311

;

nervous mechanism of, 315 ; average
loss by, 359, 374

Pettenkofer, on changes of air in respi-

ration, 266 ; on nutrition, 360,363, 370,
386 ; sleep, 565

Pettenkofer's test, 623

Pflogee, nervous irritability during elec-

trotonus, 61, 71, 82 ; endings of nerves
in saHvary glands, 212 ; inhibition of

peristaltic action, 229 ;
pump for ex-

tracting gas from blood, 268, 269 ; hae-

moglobin, 278 ; seat of oxidation in

respu-ation, 284; resphatory changes
in tissues, 286, 310; spinal cord, 473;
sleep, 565

PharjTix in deglutition, 225 ; vomiting,

231, 235
Phases of life, 556
Philipeaux, on union of sensory and
motor nerves, 393

Phosphorus as an element of food, 366
Phrenic nerve, its effect on respiration,

288
Phthisis, cold sweats in, 315
Pig, saliva of the, 187 ; bUe, 196 ; blood-

ciystals, 272
Pigments in bUe, 223 ; in urine, 818, 325
Placenta, 546, 549, 550
Planer, gases of intestine, 242
Plasma of the blood, 11, 12, 13, 15, 19

Plasmuie, 17, 19
Plateau, on after images, 427
Plethysmograph, for measuring changes

in the circulation, 173

Pl6sz, absorption of proteids in digestion,

250
Pneumogastric nerve, its influence in

respiration, 289
Pneumographs, Marey's and Pick's, 256,

258
Poiseuille, apphcation of the mercury
manometer to blood-circulation, 102

Poison, effect of urari, 35, 338; carbonic

oxide, 839
Polyuria, or excessive renal secretion,

322
Pons VaroHi, 519, 521
Potential energy of food, 367
Predicrotic pulse-wave, 135, 136, 137
Pregnancy, 546
Pressure, blood, 99—179, 294 {See Blood

pressm'e)

Pressure of ah' in respiration, 308
Pressure, sensations of, 463
Preyer, on blood-corpuscles, 29 ; on hae-

moglobin and hffimatin, 279, 280 ; sleep,

565
Priestley on respiration, combustion and

oxygen, 310
Propionic acid, 601
Protective mechanisms of the eye, 447
Proteid food, metaboUc effects of, 363,

383
Proteids, 571, 572 ; action of gastric juice

on, 189, 194 ; action of pancreatic juice

on, 200 ; changes in stomach, 238

;

in the intestine, 242 ; absorption of in

digestion, 250 ; as sources of fat, 341
Proteolysis, digestive, theory of, 202

I'rotoplasm, properties of, 1, 85, 90 ; in

adipose tissue, 340 ; spinal, 473
Protoplasm of embryonic tissues, 548
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Peout, on digestion, 252
Ptyalin of saliva, 1'8C, 194
Puberty, 542, 560
Pulmonary resiDiration, meclianics of, 254
Pulsation of the brain, 295
Pulse, the, 103, 106, 131—140 ; sphygmo-
graph tracings of pulse-waves, 185, 136;
predicrotic and dicrotic waves, 138

Pulse-waves, primary, secondary, and re-

flected, 131—140, 143, 304
Pulsus venosus, 295

Pump action of the heart, 109, 111, 181,

136
Pupil of the eye, its movements, 405, 514
Purgative action of salts, 251
Pukkinje's figures, 481, 432; on the effects

of galvanic currents on the brain, 518
Purple, visual, 414
Purpurin in urine, 319
Pylorus, 230, 232, 236, 238, 239, 241
Pyrexia, 376
Pyrosis, 236
Python, temperature of, 372

QuETELET, phases of life, 557
Quinine, action of on reflex action, 475

Kabbit, quantity and distribution of blood

in the, 30 ; muscle currents, 52 ; ai-terial

pressure, 102, 106 ; circulation, 114

;

heart-beat, 147 ; cervical and thoracic

ganglia (diagi'am) 148 ; inhibition of

heart-beat, 152 ; contractility of the
arteries of the ear, 154 ; stimulation of

depressor nerve, 162 ; saliva, 187 ; sub-

maxillary gland, 222 ; blood-crystals,

272 ; blood-pressure in respiration, 298;
section of spinal cord, 338; effect of

cold on, 376, 377 ; movements of the
pupil, 409 ; spinal cord, 487

Eadial artery, pulse-wave in, 135
Eanee, on distribution of blood in the

body, 31 ;
perspiration, 313 ; nutrition,

367, 369
Eaijsome, Dr a., power of gastric juice, 193;
movement of libs in respiration, 260

Eat, S8.1iva of the, 187 ; blood-crystals,

272
Eeaction period, 521
Eectum, in defsecation, 233
Eed corpuscles of blood, their chemical

composition, 13 ; their fate, 29, 271
Eeflex actions, 90
Eeflex actions, the spinal cord as a centre

of, 471 ; characters of, 472
Eeflex actions, inhibition of, 474
Eeflex actions, parturition, 553
Eeflex centres, 471, 514, 520
Eeflex inhibition of heart-beat, 146
Eeflex micturition, 329
Eegeneration of tissues, 541
Eegnault and Eeiset on cutaneous respi-

ration, 313 ; on nutrition, 386
Eeich, secretion of tears, 448
Benal secretion, 317

Eennet, 195
Eeproduction of the amoeba, 3

Eeproduction, tissues and mechanisms of,

5, 541
Eesonants (voice) 534
Eespiration of the amoeba, 3, 4
Eespiration, tissues and mechanism of,

253—310 ; mechanics of pubnonaiy
respiration, 254 ; apparatus for taking

tracings of movements of air (diagram),

257, 258 ; changes of air in, 264;

changes in blood, 267 ; in the lungs,

281 ; in the tissues, 283 ; nervous
mechanism, 288 ; effects on the circula-

tion, 288; effects of changes in the air

breathed, 302 ; modified respiratory

movements, 308
Eespiration, cutaneous, 313
Eespiration as a regulator of temperature,

374
Eespiration of the foetus, 550
Eespiration, failure of before death, 567
Eespirato^y centre, 293, 294
Eespiratory curves, tracings of, 162
Eespiratory mechanisms, 7

Eespiratory muscles, 91, 93
Eest, muscular exhaustion restored by, 77
Eetina, colour of the, 414
Eetching, 235
Eheometer of Ludwig, for measuring

blood-pressm-e, 104
'Eheoscopic Frog,' 50, 53, 127
Ehythm of heart-beat, 131, 142 ; of respi-

ration, 256, 265, 289, 291, 293, 301;
in asphyxia, 302

Eibs, movement in respiration, 260, 262
' Eich' colours, 414
Eigor mortis, 72, 73, 81, 305, 373, 568
EixGEK, on diabetes, 339 ; daUy variation

in the temperature of the body, 380
Eittee's tetanus, 66
Eittee-Valli, law of irritability of nerves,

72
EoHEiG, on perspiration, 314; effect of

cold onrabbits, 376; urari poisoning, 376
EoMANES, on contractile tissues, 67
EosENTHAL, respu'atory function of vagus,

and theory of nervous mechanism of

respnation, 292; on reflex actions, 478
EuGE, gases in the large intestine, 243

Eunning, 538
EuTHEEFOED, vaso-motor nerves of sto-

mach, 215

Saieowkst, diabetes, 339

Sx PiEEKE and Estoe, seat of oxidation

in respiration, 284
Saliva, 183—188 ; its action on starch,

184, 194; quantity of, 206; action of

submaxillary saliva, 206, 226, 238

;

in vomiting, 235 ; relation to taste, 461

Saliva of infants, 567
SaUvary cell, nutrition of the, 381
Salivary corpuscles, 185
Salts, as food, 366

Salts, in bUe, 196 ; in blood, 13 ; in m-ine,
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317; absorption into blood and urine,

251
Samuel, effect of cold on rabbits, 377
Sanderson, Buedon, dicrotic pulse-wave,

139 ; recording stethometer, 256 ; cere-

bral convolutions, 505
Sapliena artery of the rabbit, its contrac-

tility, 155
Sarkin, 617
Scaleni muscles, 261, 288
ScHAT'EK, red corpuscles, 28
ScHARLiNG, on cutaueous respiration, 313
ScHECH, on tbe larynx, 531
Scheineb's experiment on sight, 401
ScHEBEE, paralbumin and metalbumia,

575
ScHiFF, mechanism of digestive secretion,

208; on secretion of bile, 223; move-
ments of the cesophagus, 231; vomit-
ing, 235 ; spinal cord, 483 ; functions of

the brain, 519
Schmidt, A., fibrinoplastin and fibrinogen,

19, 25, 26; red corpuscles, 28; relations

of neutral salines and of gastric juice,

192; albumins, 575
Schmidt and Biddeb, analysis of chyle,

246; absorption of fat in digestion,

241 ; researches on digestion, 252
Schmidt, C, composition of blood, 12, 13;
on lardacein, 589

ScHMiEDEBEEG, cardiac accelerator nerves,

149 ; hippuric acid, 354
Schultzb, Max, on dimensions of retinal

cones, 419 ; olfactory cells, 458
Schultzen, on urea, 352
ScHtJTZENBEEGEB, ou proteids, 590
Schwann, researches on digestion, 252
Sciatic nerve, vaso-motor action of, 155,

156, 166, 168
Secretion by the skin, 311—316
Secretion by the kidneys, 317
Secretion by the renal epithelium, 324
Secretion of milk, 344
Secretions, digestive (Bee Saliva, Bile,

Pancreatic juice)

Secreting tissues, 4, 5

Semen, 545
Semilunar valves of the heart, 123, 125,

126
Sensations, auditory, 452
Sensations, tactile, 463
Sensations, visual, 413
Sense, muscular, 468
Sense-organs, 395
Sensible perspiration, 312
Sensitive cells, 87 «

Sensory fibres, 156
Sensory nerves, 86, 95, 389
Sequin, on perspiration, 311
Serum, its chemical composition, 12, 14
Serum-albumin, 574
Setschenow, inhibition of reflex action,

474 (diagram)
Sexual generation, 541, 545
Shaepey, sounds of the heart, 126
Sheep's blood, 22, 106, 272 ; saliva, 187

Shepaed, hippuric acid, 354
Sighing, 309
Sight, 397—448
Sight, protective mechanisms of the eye,

447
Singing, 528
Sinitzen, on trophic nerves, 382
Sinus venosus, 143, 146
Size, appreciation of, 444
Size of the body

;
phases of life, 656

Skeletal muscles, 156, 480, 536
Skeleton, growth of the, 561
Skin, 5, 6; absorption by the, 316; secre-

tion by the, 311—316; secretion by. the,

and kidneys, 317
Skin, loss of heat from the, 373
Skin, terminal organs of the, 462
Sleep, 563
Smell, 458
Sneezing, 309
Snellen, inflammation of the eye, 382
Sobbing, 309
Solidity, judgment of, 445
Soltmann, cerebral areas in the newly-

born, 559
Sound, the voice, 527
Sounds given by muscles, 56
Sounds, musical, 453
Spallanzani, researches on digestion, 252

;

respiratory changes in the tissues, 287
Special muscular mechanisms, 527
Spectra of htemoglobin, 271, 273 ; hama-

tin, 278, 279
Speech, 532
Spermatozoon, 84, 541
Spherical aberration in the eye, 410
Sphincter vesicte, 237
Sphygmograph, 115, 130, 135, 140
Spiess, temperature of submaxillary gland,

379
Spinal cord, section of, effect on blood-

pressure, 157, 166; its action on re-

spu'ation, 288; of rabbit, section of, 338;

as a centre of automatic action, 478

;

as a conductor of impulses, 480; par-

tmition, 553
Spinal nerves, 89, 90 ; roots of, 390
Spirometer, 255
Splanchnic nerve, vaso-motor action, 156,

161 ; relation to gastric secretion, 215
;

relation to peristaltic movements, 229,

232 ; and renal secretion, 323

Spleen, the, 346
Sporadic ganglia, 89

Speengel's pump for extricating gas from
blood, 268

Stannius, experiments on heart-beat,

146
Starch, action of saliva on, 184, 194, 238,

240, 335; action of gastric juice on, 189;

corpuscles, 240, 335; action of pan-

creatic juice on, 199 ; as food, 363, 365

Starvation, effects of, 356, 357

Stasis in inflammation, 172, 173

Statistics of nutrition, 355

Stearic acid, 602
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Stearin, 604
Stereoscope, 441
Stethometer, recording, 256
Stethoscope, 56
Stimulation, impulses in nerves produced

by, 86
Stimulation of afferent nerves, effect on

vaso-motor centre, 163
Stimulation of the chorda tympani, 212,

229
Stimuli, character of reflex actions depen-

dent on the nature, 472
Stimuli in aid of parturition, 554
Stimulus, as affecting muscular contrac-

tion, 68, 76 ; in unstriated muscles, 82

Stokes on the spectra of hsemoglobin,

310
Stomach, secretion by, 214 ; action of

gastric juice on the, 224; its move-
ments in digestion, 232 ; its action in

vomiting, 235 ; its action on food, 238
;

digestion in the, 238, 239 {See Diges-
tion)

Steassbueg's researches on respiration,

282, 283, 285
Steoganow, oxygen in the lungs in respi-

ration, 282
Stromuhr, or rheometer, for measuring

blood-pressure, 104
Strychnia, action of, 472, 474
SuBBOTiN, fat of man and the dog, 342

;

the secretion of milk, 345
Sublingual saliva, 187
Submaxillary gland, secretion of saliva,

206, 207, 222 ; of dog (diagram) 207

;

of rabbit, 222
Submaxillary saliva, 187, 188
Succinic acid, 607
Succus entericus, 183, 204, 217
Sugar, conversion of starch into, by the

saliva, 184, 186 ; action of gastric juice

on, 189 ; digestion of, 238 ; in small
intestine, 240

Sugar in urine, 323, 337 ; in the hepatic
blood, 331 ; in the blood and urine,

250, 334, 339
Sugar, milk-sugar, 344
Sugar as food, 363, 365
Sulphur as an element of food, 366
Suppression of ui'ine, 327, 350
SusLowA, lymph-hearts of the frog, 479
Swallowing, 231, 239
Sweat [See Perspiration)

Sympathetic action, 164
Syntoniu, 33, 201
Systole of heart, duration of, 119

Tactile judgments, 466
Tactile perceptions, 463, 466
Tactile sensations, 464, 483, 522
Tambour, Marey's, for measuring blood-

pressure (diagram), 117, 258
Taechanoff, on the spleen, 347
Tartar emetic, effects of, 237
Taste, 460
Taurm, 619

Taurocholic acid, 624
Tears, 448
Teeth, action in mastication, 225

Temperature, its influence on muscular
irritability, 75 ; on ciliary action, 84 ; on
the sahva, 185 ; on the gastric juice, 192

Temperature of man and other animals,

372, 377
Temperature, its effect on animals, 376
Temperature, sensations of, 464
Temperature [See Cold, Heat)
Tension of the gases of blood and pul-

monary air, 282, 285, 286, 287
Terminal organs of the skin, 463
Tests for proteids, 573
Tetanus, 44, 45, 57, 66, 68, 77 ; sound in,

128
Tetanus, Bitter's, 66
Thermogenic nerves, 377, 379
Thiet, on succus entericus, 204
Thoracic duct, 245
Thoracic respiratory movements, 256

;

effect of on circulation, 296
Thudichum, on pigments in urine, 318
Thymus, 561
TiEDEMANN, researches on digestion, 252
Time required for reflex actions, 478
Tissues, fundamental, 4
Tissues, contractile, 32—84
Tissues, embryonic, 549
Tissues, metabolic, 330
Tissues, nervous, properties of, 85—95
Tissues of chemical action, and their me-
chanisms, 183—252; digestion, 183

—

252; respiration, 253—310
Tissues of reproduction, 541
Tissues, respiratory, changes in the, 281
Tissues, the death of, 568
' Tone' of arteries, 156, 158, 159, 166, 168
Tongue, its action in mastication and

deglutition, 225, 226, 227
Tonicity of skeletal muscles, 480
Torricellian vacuum for extracting gas
from blood, 268

Touch, 462
Tracings of respiratory movements, 256

;

blood-pressure curves and intra-thoracic

pressure, 298 {See Diagrams)
Transfusion of blood, 28
Traube's curves, of blood-pressure in

respiration, 300, 301, 304
Tricuspid valves of the heart, 123, 125

Trophic nerves, 881, 391
Trypsin, 202, 204
TscHESCHicHiN, bodily heat, 378

Tubuli uriniferi, 317
Turtle's heart -beat, 142

Tyrosm, 200, 202, 242, 621

Undulations of blood-pressure in respira-

tion, 300
Unstriated muscular tissue, 82
Uremic poisoning, 350
Urari poison, its effects on contractile

tissues, 35, 67; its effect on heart-beat,

145, 146; its effect on cerebral fimctions,
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163, 165 ; on chorda tympani, 214 ; on
Tomiting, 236 ; on resiDiration, 299

;

in producing diabetes, 338, 376
Urea, 531 ;

presence in perspiration, 311,

313 ; effect on secretion of urine, 321

;

secretion of, 326; and its allies, the

history of, 348—355; relation to mus-
cular exercise, 369

Ureter, peristaltic contraction of the, 90,

93 ; in micturition, 327
Urethra, 327
Uric acid, 534; source of, 353; in the

spleen, 348
Urine, composition of, 317, 319 ; secretion

of, 320 ; act of micturition, 327 ; kreatin

in, 348 ; hippuric acid in, 354 ; average
loss by, 359

Urine of infancy, 558
Urine, sugar in, 250
Uriniferous tubules, 321
Urobilin in ui-ine, 319
Urochrome, 318
Uroerythrin in urine, 319
' Uterine milk,' 548
Uterus, in menstruation, 542 ; in parturi-

tion, 553, 554

Vagus, cardio-inhibitory action of, its

effect, 144; relation to movements of

stomach, 231; to vomiting 236; respi-

ratory fimction of the, 290
Vagus and the secretion of urine, 323
Valerianic acid, 601
Valves of the heart, 122—126
Varnishing of animals, its effects, 314, 330
Vascular mechanism, 6, 96—179; physical
phenomena of the circulation, 96—140

;

the heart, 113—131; the pulse, 131—
140; vital phenomena of the circula-

tion, 140—179; changes in the heart-

beat, 141; in the calibre of the minute
arteries, vaso-motor actions, 154;
changes in the capillary districts, 171

;

in the quantity of blood, 174
Vaso-motor actions, 154
Vaso-motor action, relation to secreting

activity, 211
Vaso-motor centre, 157, 158 ; relation to

afferent nerves, 162, 164; relation to

respiratory centre, 299; relation to

renal secretion, 322
Vaso-motor mechanisms, local, 165
Veins, 97, 106, 107, 109; effect of respi-

ratory movements on the, 298
Velocity of the flow of blood, 103, 106, 111,

115; of the pulse-wave, 133; of sensory
impulses, 393

Venous blood, 267, 276, 280, 282, 283,

287, 293
Venous pulse, 131
Ventricle of the heart, 110, 112
Vertigo, 495, 518
ViEXiOKDT, circulation of blood in retina,

98; hffimatachometer for measuring
blood-pressure, 105

Villi, action of the, in absorption, 247
Vision, region of distinct, 429; the re-

action period, 522 [See Sight)

Visual judgments, 444
Visual perceptions, 427
Visual purple, 414'

Visual sensations, 413
' Vital capacity' of the lungs, 255
Vital phenomena of the circulation, 140—

179
Vitelhn, 582
Vocal cords, 225, 465
Voice, the, 527, 532, 534
VoiT, changes of air in respiration, 266;

effects of starvation, 356; nutrition,

360, 363, 365, 369, 386; sleep, 565
VoLKMAi^N, researches on blood-circula-

tion, 103, 106, 179; lymph-hearts, 479
Vomiting, 235
Vowel-sounds, 532
VuLPiAN, vaso-motor action, 169 ; on
union of motor and sensory nerves,

393 ; on conduction of impulses in the
spinal cord, 483

Waldetek, lymph-hearts, 479
Walking, 537
Walleb, a., vascular mechanism, 179
Wasmann, researches on digestion, 252
Webee, pulse-waves, 134; muscular con-

traction, 81 ; on visual sensations, 419

;

on tactile perceptions, 466, 470
Weight of the body; phases of life, 556
Weiske and Wildt, on nutrition, 364
Wharton's duct, 210
Whispering, 536
White corpuscles, 14, 28
Williams on menstruation, 543
WiNOGBADOFF, diabetes, 339
Winking, 447
WiSLicENUS, on urea and muscular exer-

cise, 369
WiTTicH, diabetes and digestion, 252, 295,

349
WoLPEEZ, secretion of tears, 448
WoLFFBEEG, rcsearchcs on respiration,

283
WoEoscHiLOFF ou reflex actions, 477, 485
WuNDT, spinal ganglia, 392

Xanthin, 348, 355, 617

Yawning, 309
Yellow spot, 419, 425
Young-Helmholtz, theory of colour sen-

sations, 424

Zaleskt on renal secretion, 350
ZuNTZ, effect of cold on rabbits, 376;

urari poisoning, 376
Zymogen, 219

CAMBKIDGE : PEINl'ED BY C. J. CLAY, M.A., AT THE DNIVEKSIIX PEESS.









'•.>-.

«s;^.

I v:'^^h






